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INTRODUCTION 
Explanation of Dissertation Format 
This dissertation is presented as outlined in the Iowa 
State University Graduate College Thesis Manual. Following 
the Introduction, a Review of Literature of topics pertinent 
to the dissertation research is presented. Three papers 
follow the Review of Literature. These papers have been 
prepared in a form suitable for submission to a scientific 
journal for publication from research performed to partially 
fulfill the requirements for the Ph.D. degree. Each paper is 
complete in itself and includes abstract, introduction, 
materials and methods, results, discussion, and literature 
cited sections. A general summary follows the final paper 
and is intended to present in brief the major findings and 
conclusions of the dissertation research. 
Background and Significance 
The correlation between plasma cholesterol concentration 
and atherosclerosis has been the basis for much research and 
controversy. That atherosclerosis can lead to coronary heart 
disease and that coronary heart disease is a leading cause of 
death in industrialized nations are not much debated and are 
accepted as established facts. Regulation of plasma 
cholesterol concentration and the mechanisms thereof are of 
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primary concern to those attempting to unravel the 
cholesterol story. Many factors contribute to an 
individual's plasma cholesterol concentration. These include 
diet, genetics, health status, age, and lifestyle. The diet, 
especially as it pertains to fat content, is the factor 
emphasized in this text. 
Fatty acid contribution to the regulation of plasma 
cholesterol concentration was first quantified by Keys and 
coworkers (1957). They recognized that saturated fatty acids 
as a group increased plasma cholesterol concentrations and 
that polyunsaturated fatty acids acted to decrease plasma 
cholesterol concentrations, since then, the mechanisms of 
action of each class of fatty acid on cholesterol homeostasis 
have been studied by many different approaches. Regulation 
of cholesterol synthesis and appearance in plasma, 
cholesterol clearance from plasma, and cholesterol absorption 
from the intestinal tract are all important aspects that can 
be affected by dietary fatty acids. 
Whereas composition of dietary fats is important to 
regulation of plasma cholesterol concentrations, quantity of 
ingested fat also affects the homeostatic mechanisms. 
Typical diets of industrialized nations contain 40% of energy 
intake as fat. These high fat diets contribute to 
hypercholesterolemia as well as other diseases. 
Recommendations for healthy diets include decreasing total 
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fat intake to 30% of calories as fat (National Cholesterol 
Education Program, 1991). 
Understanding the mechanisms of plasma cholesterol 
regulation is critical to our understanding of the potential 
effects of dietary recommendations. Cholesterol in plasma is 
carried in particles called lipoproteins. Lipoproteins, as 
the name implies, are a combination of lipid and protein. 
The proteins associated with the particles help to solubilize 
the lipid in the aqueous plasma and to define the different 
lipoprotein classes. The cholesterol carried in the 
lipoproteins is in two forms—free cholesterol and esterified 
cholesterol. Lipoprotein free cholesterol is in rapid 
equilibrium with several tissues and between lipoprotein 
classes, thus confounding attempts to look at differences in 
free cholesterol metabolism as caused by dietary factors. 
The work presented in this dissertation has instead 
concentrated on studying lipoprotein cholesteryl esters— 
their disappearance from plasma and their appearance in 
different tissues and in bile. 
When studying cholesterol metabolism, with an intent to 
understand effects of diet on humans, one ideally would 
choose to use human subjects. Studies in humans, however, 
are limited by several factors that can be overcome 
successfully by animal models. My research group chose the 
domestic pig as a model because pigs readily consume diets 
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similar to human diets, their intakes can be monitored and 
controlled carefully, they have been shown to develop 
atherosclerosis (Chevallos et al., 1979), and they have 
lipoprotein profiles similar to those of humans (Rapacz and 
Hasler-Rapacz, 1989). My research group hypothesized that 
cholesteryl ester metabolism is altered by dietary fat 
quantity and composition in regard to the clearance of 
cholesteryl esters from plasma via uptake by tissues, 
including the liver, and appearance of lipoprotein 
cholesteryl esters in bile as biliary cholesterol and bile 
acids. My specific objectives were to determine the effect 
of type and amount of dietary fat on 1) kinetics of clearance 
of cholesteryl esters from both high-density and low-density 
lipoproteins, 2) rate of appearance of plasma cholesteryl 
esters in bile as biliary cholesterol and bile acids, 3) 
composition of bile lipids, and 4) uptake by tissue and 
concentration of cholesterol in heart, muscle, subcutaneous 
fat, and liver. Completion of these objectives will help to 
define the mechanisms by which different dietary fats alter 
plasma cholesterol concentrations and whole body cholesterol 
dynamics. 
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REVIEW OF LITERATURE 
Cholesterol Dynamics 
The dynamics of cholesterol in the body include several 
complex systems. These systems can be categorized as l) 
input through synthesis and absorption, 2) transport of the 
lipid in an aqueous medium, and 3) various outputs, including 
biliary cholesterol, bile acids, sex hormones, and cellular 
loss. 
Sources 
The inputs of cholesterol for mammalian cells are from 
synthesis and from the diet. Practically all the cells in 
the body are capable of cholesterol synthesis (Fielding, 
1992) , but the liver is the major contributor of endogenous 
cholesterol (Dietschy and Siperstein, 1967). Synthesis in 
all cells is regulated by control of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase. Control is 
manifested at the level of transcription of HMG-CoA reductase 
(and HMG-CoA synthase), at the level of translation of HMG-
CoA reductase mRNA (Goldstein and Brown, 1990), and by AMP-
activated protein kinase (Hardie, 1992). Cholesterol 
accumulation in the cell affects both the feedback inhibition 
and transcription. The source, locally synthesized or 
absorbed from the diet, of cholesterol accumulated in the 
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cell has little effect on its regulatory function. 
Cholesterol from both sources quickly appears at the plasma 
membrane (Liscum and Dahl, 1992). 
The average human consumes less than one half gram of 
cholesterol daily (Miettinen and Kesaniemi, 1989). Biliary 
cholesterol output averages one gram per day (Grundy, 1983). 
Together, the absorption of dietary and biliary cholesterol 
accounts for up to 50% of the daily cholesterol input (Jones, 
1989). Cholesterol absorption from the intestine depends 
upon formation of micelles with bile acids (Grundy, 1983). 
These micelles move the cholesterol through the unstirred 
water layer surrounding the enterocyte, moving the 
cholesterol into physical closeness with the cellular 
membrane. The actual mechanism of cholesterol absorption 
across the lipid bilayer has been assumed to be passive 
diffusion through the membrane. Recent evidence has 
suggested protein-facilitated uptake (Thurnhofer and Hauser, 
1990), which may explain in part why cholesterol absorption 
is highly variable between individuals (Beynen et al., 1987). 
This variability also has been demonstrated in animal species 
(Myers et al., 1990). Cholesterol absorption, mediated by 
micelles, is the beginning of cholesterol transport. 
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Transport 
Cholesterol within the enterocyte becomes packaged into 
lipoprotein particles known as chylomicrons (Grundy, 1983). 
These chylomicrons then are transported via the lymph to the 
blood stream. Very-low-density lipoproteins (VLDL) and high-
density lipoproteins (HDL) also are secreted by the 
intestine. Lipoproteins carry triacylglycerols, 
phospholipids, cholesterol (both esterified and free), and 
apolipoproteins. Apolipoproteins secreted from the intestine 
include apolipoprotein A-I (apoA-I), apolipoprotein A-IV 
(apoA-IV), apolipoprotein B (apoB), and apolipoprotein C 
(apoC) (Dashti, 1991). In the blood stream, the chylomicrons 
associate with apoC-II that activates the enzyme lipoprotein 
lipase (LPL), which catalyzes the hydrolysis of 
triacylglycerols, releasing free fatty acids. Chylomicrons 
also release phospholipids, cholesterol, and apolipoproteins 
to existing HDL and to form new HDL (Eisenberg, 1984). The 
depleted chylomicron particles are referred to as chylomicron 
remnants and contain mainly cholesteryl ester and 
apolipoproteins B and E. These particles, are recognized by 
hepatic cell surface receptors and internalized by the liver 
(Rifai, 1986). 
The liver is the other site of lipoprotein origin. 
VLDL, low-density lipoprotein (LDL), and HDL synthesis occur 
within the hepatocyte (Packard, 1983). Cholesteryl ester is 
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secreted with the VLDL and LDL. Very-low-density 
lipoproteins are triacylglycerol laden and contain apoB, 
apoE, and apoC, whereas LDL carry apoB as the predominant 
apolipoprotein. High-density lipoproteins are secreted both 
as discoidal and spherical particles. The spherical 
particles are rich in apoA-I and apoA-II, whereas the 
discoidal particles are rich in apoE (Dashti, 1991). 
In general, the overall scheme of cholesterol transport 
has the liver secreting VLDL (and some LDL) containing 
cholesteryl esters. The VLDL lose triacylglycerols via LPL 
action and apolipoproteins to HDL. The VLDL are converted to 
LDL; then, the LDL receive cholesterol from HDL via 
cholesteryl ester transfer protein and deliver the 
cholesterol to peripheral tissues via the LDL receptor. Free 
cholesterol concentrations at the cell surface then drive the 
movement of cholesterol to HDL (often referred to as reverse 
cholesterol transport), which then esterifies the cholesterol 
and delivers it back to the liver (Fielding, 1992). This 
circuitous route provides several points at which regulation 
of the process could occur. Whole body cholesterol synthesis 
at the peripheral tissues can be controlled by delivery of 
LDL to the peripheral cells via the LDL receptor. 
Regulation of the LDL receptor mediates rate of uptake 
of cholesteryl ester-containing LDL; after internalization, 
the cholesteryl ester then is hydrolyzed by cholesteryl ester 
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hydrolase. The free cholesterol then can downregulate 
cholesterol synthesis'and be transported to the membrane to 
be transferred to HDL (Fielding, 1992). Storage of 
cholesterol in most cells as cholesteryl ester is minimal, 
even though the mechanism for synthesis of cholesteryl 
esters, mainly acyl CoA:cholesterol acyltransferase (ACAT) is 
present. Evidently in most tissues, cholesteryl ester 
hydrolase balances the activity of ACAT (Suckling and 
Strange, 1985). The liver can react to plasma cholesterol 
concentrations by changing the rate of uptake of LDL via its 
own LDL receptors, which can lead to increased free 
cholesterol in the liver and downregulation of cholesterol 
synthesis in the liver (Dietschy, 1984). Furthermore, uptake 
of LDL-cholesterol is related directly to receptor expression 
(Fielding, 1992). Uptake of chylomicron remnants by the 
liver seems to be independent of the LDL receptor, which 
recognizes apoB, and probably is mediated by a receptor that 
recognizes apoE (Eriksson et al., 1991). 
In addition to their role in reverse cholesterol 
transport, HDL carry cholesterol to the gonads and the 
adrenal glands to be used in synthesis of other steroids and 
to adipose tissue for storage. Much of the transport from 
HDL to organs is cholesterol specific and does not involve 
uptake or degradation of the lipoprotein (Zsigmond et al., 
1990). Moreover, the cholesterol stored by adipose tissue is 
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readily available for exchange with lipoproteins. 
Several proteins participate in the cholesterol 
transport processes; they can be categorized into transport 
proteins and catalytic proteins. The main transport proteins 
are the apolipoproteins, which are essential for formation of 
the lipoprotein particles that allow the lipids to be 
transported with the aqueous medium of the plasma. Along 
with phospholipids and free cholesterol, the apolipoproteins 
present a hydrophilic exterior that surrounds a lipid 
containing hydrophobic core (Rifai, 1986). The catalytic 
proteins, including LPL and lecithin-cholesterol 
acyltransferase (LCAT) act, along with cholesteryl ester 
transfer protein (CETP), to modify lipoprotein composition 
and thus are instrumental in the transfer of lipids to the 
tissues. Two additional catalytic proteins, ACAT and 
cholesteryl ester hydrolase, are responsible for cellular 
cholesterol storage in the form of cholesteryl esters and 
release from storage as free cholesterol (Liscum and Dahl, 
1992) . 
The different apolipoproteins are responsible for the 
different functions of each class of lipoproteins. ApoB, the 
main protein in LDL, is recognized by the LDL receptor and is 
essential for proper receptor function (Goldstein and Brown, 
1990). ApoA-I, secreted by the liver in HDL and by the 
intestine in VLDL, acts as a lipid binder and an activator of 
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LCAT. ApoA-II binds lipids and is important in HDL structure 
(Rifai, 1986). ApoA-IV originates in the intestine. The 
secretion of apoA-IV is stimulated by fat absorption. 
Therefore, apoA-IV is part of the initial structure of 
chylomicrons. Once the chylomicrons reach the bloodstream, 
ApoA-IV dissociates and circulates as a free protein 
(Weinberg et al., 1990). Apo C is actually a group of three 
different proteins secreted mainly by the liver and to some 
minor extent by the intestine. ApoC-I is thought to activate 
LCAT, ApoC-II is the activator of LPL, and ApoC-IIl decreases 
activity of LPL and inhibits hepatic uptake of VLDL via the 
apoE receptor (Ito et al., 1990). ApoE is a constituent of 
VLDL, chylomicrons, and HDL, with its main function being to 
act as a ligand for receptor-mediated uptake of remnant 
particles of VLDL and chylomicrons (Stucchi et al., 1990). 
Cholesteryl ester transfer protein facilitates the 
transfer of a complete molecule, whereas the catalytic 
proteins LCAT and LPL act to modify the molecules to 
facilitate the transfer process. Cholesteryl ester transfer 
protein acts in many species to transfer cholesterol as the 
ester from HDL to other lipoproteins. This process acts as a 
pathway of clearance of cholesterol from the plasma as the 
recipient LDL, or VLDL, are bound by cell surface receptors 
(Ha et al., 1981). LDL-CE also can be considered a form of 
cholesterol storage in plasma. The rate of exchange of 
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cholesteryl esters between lipoprotein fractions is much 
faster than is the rate of degradation of the lipoproteins 
(Barter, 1980) ; therefore, CETP-faciliated movement of the 
esters is not a rate limiting step in cholesterol metabolism. 
High concentration of CETP in human plasma is correlated 
positively to atherogenicity, and high concentration of 
plasma HDL seems to inhibit CETP activity. These 
observations do not offer proof of cause and effect, but 
certainly allow for speculation (Swenson, 1991). In animal 
species, the concentration of CETP present in plasma has a 
high positive correlation with the ability of the species to 
develop atherosclerotic lesions (Norum, 1992). 
Lipoprotein lipase modification of chylomicron and VLDL 
composition is the end point of triacylglycerol delivery to 
the peripheral tissues. The enzyme is activated by apoC-II 
and releases free fatty acids to the cells; free fatty acids 
then are either stored as triacylglycerols or are consumed as 
fuel through beta-oxidation. Beta-oxidation is very 
important as a source of energy for cardiac cells (Cryer, 
1989). The depleted chylomicrons or remnants then are 
recognized by the apoB/E receptor and internalized by the 
1iver. 
Lecithin-cholesterol acyltransferase acts to modify 
lipoproteins (mainly HDL) by increasing their cholesteryl 
ester content. Lecithin-cholesterol acyltransferase is 
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central to the reverse cholesterol transport theory, acting 
to transform nascent HDL3 into larger HDLg, to remove free 
cholesterol and phospholipids from LDL and VLDL and 
chylomicrons, and to remove cholesterol from cell membranes. 
Lecithin-cholesterol acyltransferase acts on the sn-2 
position of phosphatidylcholine, creating lyso-
phosphatidylcholine and cholesteryl esters. The reverse 
cholesterol transport theory has LCAT decreasing the free 
cholesterol concentration on the surface of the HDL 
particles. This role of LCAT establishes a free cholesterol 
concentration gradient away from the cell to the HDL. There 
is probably cholesterol exchange between HDL particles that 
allows the smaller particles to accept cholesterol from the 
donor cells or other lipoproteins, with esterification 
occurring on the larger HDL (Jonas, 1991). 
The fate of HDL-CE remains a topic of study. Goldberg 
and co-workers (1991) put forth four mechanisms for loss of 
HDL-CE from plasma. The first mechanism involves CETP-
facilitated transfer of HDL-CE to VLDL and LDL. This pathway 
through HDL accounts for 70% of cholesteryl ester loss from 
plasma in rabbits. Whole HDL uptake accounted for 10% of the 
loss, possibly because of apoE uptake by HDL and subsequent 
receptor recognition. The third pathway, which is minor in 
humans and rabbits, involves whole particle uptake 
independent of apoE. The final pathway, which accounts for 
14 
the major uptake of HDL-CE in rats, involves "selective 
uptake" by hepatocyteè of the esters independent of 
lipoprotein uptake. Selective uptake is also thought to play 
a significant role in reverse cholesterol transport in 
rabbits and humans (Goldberg et al., 1991). 
Storage of cholesterol in the cell as cholesteryl ester 
by ACAT is only one part of a complex set of interactions in 
intracellular transport. Other proteins are involved, 
including sterol carrier protein 2. The exact functions of 
these other intracellular proteins is still under study, but 
sterol carrier protein 2 is thought to deliver cholesterol to 
mitochondria for formation of steroid hormones (Liscum and 
Dahl, 1992). Acyl CoA;cholesterol acyltransferase is part of 
a dynamic state of hydrolysis and esterification important, 
not only for cholesterol storage in the cell, but also for 
maintenance of cellular free cholesterol concentrations. 
Cholesteryl ester clearance from the cell requires two steps: 
1) hydrolysis by cholesteryl ester hydrolase and 2) efflux of 
the free cholesterol. 
No evidence has been found for release of cholesteryl 
esters from peripheral cells (Phillips et al., 1987). 
Ninety-four percent of the free cholesterol in fibroblasts is 
in the plasma membrane, whereas 80% of the free cholesterol 
in liver is in the plasma membrane. Only one-third of this 
cholesterol is rapidly exchangeable, suggesting that membrane 
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cholesterol 1) moves slowly through the membrane or 2) 
interacts with membrane proteins. Kinetic experiments have 
defined both one and two pools of cellular free cholesterol. 
This readily exchangeable mass of tissue cholesterol is in 
near equilibrium with plasma cholesterol as shown by 
compartmental studies (Schwartz et al., 1982). 
The amount of free cholesterol present in the cell can 
affect cellular function in several ways in addition to 
regulating cholesterol synthesis. Free cholesterol 
concentrations affect binding of cholesterol to membrane 
proteins and membrane fluidity. Cholesterol binding to 
proteins and membrane fluidity alter a variety of membrane 
activities, including ATPase function and glucose transport 
(Fielding, 1992). Tabas and coworkers (1990) produced 
results in mouse macrophages that are indicative of the 
complexity of intracellular cholesterol metabolism and the 
several intracellular roles that cholesterol can play. They 
demonstrated that LDL and beta-VLDL (cholesteryl ester-laden 
lipoprotein that appears in cases of extreme 
hypercholesterolemia) are recognized by the same receptor, 
but then directed internally to different lysosomes. In 
addition, cholesterol from LDL does not stimulate ACAT, 
whereas beta-VLDL cholesterol does. 
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Elimination 
Cholesterol can be lost from the body in two major ways. 
The first is loss as cholesterol itself, either through 
biliary cholesterol excretion or as loss of sloughed 
epithelial cells. The second loss is through cholesterol 
converted to other products and then excreted primarily as 
bile acids. Together, loss of cholesterol through sloughed 
epithelial cells, including loss of skin cells, and anabolism 
of steroid hormones account for 10% or less of the total loss 
of cholesterol from the body. Thus, the liver acts as the 
primary route of cholesterol excretion through secretion in 
bile of biliary cholesterol and bile acids (Dietschy, 1984). 
Bile formation occurs in the hepatocyte, which is a 
polar cell. At one end, hepatocytes are bathed in blood 
plasma and at the other end in bile. Bile acids, 
phospholipids, and cholesterol are the major components of 
bile. Bile acids are strong detergents, allowing for 
digestion and aiding in absorption of dietary lipids from the 
small intestine. Phospholipids and cholesterol in bile 
interact with bile acids, probably acting to protect the bile 
ducts from being dissolved by bile acids. The balance of 
lipids in bile is critical; if cholesterol is in a 
supersaturated concentration, crystal formation can result, 
leading to gallstones. If cholesterol is limiting, an 
oversupply of bile acids will dissolve the bile ducts 
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(Coleman and Rahman, 1992). 
Bile does contain some proteins, fatty acids, and 
acylglycerols as minor components. Of the major components, 
the cholesterol is practically all non-esterified and the 
phospholipid is mainly phosphatidylcholine. 
Phosphatidylcholine in bile is dominated by palmitate, 
linoleate, and oleate. This fatty acid composition is 
different from membrane phosphatidylcholine, which is richer 
in stearate and arachidonate (Coleman and Rahman, 1992). 
Bile lipids can come from several sources, including 
lipoprotein delivery, liver storage pools, and hepatic de 
novo synthesis (Bilhartz and Dietschy, 1985). Newly 
synthesized cholesterol accounts for 16 to 20% of biliary 
cholesterol, which is secreted at approximately 1% of the 
liver free cholesterol pool per hour (Schwartz, 1978a). 
The study of the in vivo kinetics of cholesterol 
excretion has produced controversial results. As stated 
earlier, both one- and two-pool models of intracellular free 
cholesterol have been proposed. Proponents of a one-pool 
model (Robins et al., 1989) contend that lipoprotein 
contribution to biliary cholesterol output cannot be 
quantified. In this single pool model, all the inputs of de 
novo synthesis and lipoprotein delivery contribute to the 
single pool, with the majority of the pool present in 
hepatocyte membranes. Regulation of the size of this pool is 
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dependent in part on the activities of ACAT and cholesteryl 
ester hydrolase, which act to cycle cholesterol in and out of 
cholesteryl ester storage, and thus in and out of the free 
cholesterol model (Phillips et al., 1987). 
In spite of this view held by Robins and coworkers, many 
other investigators have concluded that modeling the movement 
of lipoprotein cholesterol into bile is valid and adds to our 
understanding of cholesterol dynamics. Lipoprotein-
cholesterol excreted in bile originates from both LDL and 
HDL. High-density lipoproteins seem to be the preferred 
contributor, with the greatest role played by HDL-free 
cholesterol (Schwartz, 1978b). HDL-CE also is delivered to 
the liver, but at a rate slower than that of HDL-free 
cholesterol (Scobey et al., 1989). Esnault-Dupuy et al. 
(1987), by using rats, found that 20% of biliary sterols 
orginated from LDL, with the majority appearing as bile 
acids. 
The transformation of cholesterol into bile acids is a 
process that involves 14 or more enzymes (Russell and 
Setchell, 1992). Sources of cholesterol for bile acid 
synthesis in humans were estimated to be 36% from newly 
synthesized cholesterol, 57% from lipoprotein-free 
cholesterol, and the remainder from lipoprotein-cholesteryl 
ester (Schwartz et al., 1978a). The majority of the input of 
lipoprotein-free cholesterol is from HDL (Halloran et al. 
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1978). Biosynthesis of bile acids is regulated at the first 
step of the pathway where cholesterol is converted to 7-
alpha-hydroxy cholesterol by cholesterol 7-alpha-hydroxylase. 
Cholesterol 7-alpha-hydroxylase is subject to regulation 
during transcription and possibly during translation. Bile 
acids returning from the enterohepatic circulation have been 
shown to decrease the amount of mRNA for the hydoxylase and 
the amount of enzyme present. In contrast, cholesterol and 
thyroid hormone are known to stimulate transcription of 
hydroxlyase mRNA and translation of the mRNA to increase 
hydroxlyase concentration (Russell and Setchell, 1992). 
Synthesis of bile acids begins in the endoplasmic 
reticulum. The synthetic pathway leads through the cytosol, 
to the the mitochondria, and back to the endoplasmic 
reticulum. The next enzymes are located in the peroxisomes. 
Before completion, the molecules go back again to the 
endoplasmic reticulum. The last step involves addition of 
either glycine or taurine to form conjugated bile acids that 
are the final, water-soluble form (Russell and Setchell, 
1992) . 
Delivery of bile lipids and bile acids to the bile 
canaliculi seems to involve the Golgi, although bile acid 
movement may involve both protein transport and vesicular 
transport. The bile acids are secreted before the bile 
lipids, allowing the bile acids to pull the lipids away from 
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the membrane by their detergent action (Coleman and Rahman, 
1992). Bile is stored in the gallbladder and expelled into 
the small intestine in response to digesta entry into the 
small intestine. Ninety-five percent of the bile acids in 
the intestine are reabsorbed in the ileum and return to the 
liver, forming the enterohepatic circulation. The remaining 
5% of the bile acids are lost in the feces (Russell and 
Setchell, 1992). 
The normal animal maintains cholesterol balance such 
that no overall accumulation of cholesterol is seen. 
Overloads on the normal system such as excessive dietary 
cholesterol, however, can lead to accumulation in the plasma 
and tissues including the liver. As stated above, regulation 
of whole body cholesterol balance occurs within each of the 
systems of cholesterol dynamics. Often perturbations of one 
system will be compensated for by the others. Our 
understanding of whole body cholesterol dynamics depends upon 
our understanding of each of the interrelated systems. 
Dietary fat and cholesterol dynamics 
A multitude of possible dietary effects on plasma 
cholesterol concentrations have been demonstrated by many 
years of research (Rifkind, 1986; Kritchevsky, 1976; Norum, 
1992). Dietary fat is only one of that multitude; however, 
it is dietary fat that has been (Keys et al., 1957), and 
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continues to be (Keys, 1988), a major topic of study. 
Several aspects of whole body cholesterol dynamics are 
affected by dietary fat. 
Dietary fat and cholesterol inputs 
Dietary fat has been shown to affect both synthesis and 
absorption of cholesterol. Synthesis of cholesterol in 
response to type of fat in the diet is illustrated by a study 
done in pigs in which lard or mackerel oil were fed at 21% of 
energy (Groot et al., 1989). The lard-fed pigs had greater 
plasma concentrations of cholesterol and greater VLDL 
triacylglycerol concentrations, indicative of a greater 
secretion of VLDL and a concomitant increase in cholesterol 
synthesis. Fernandez et al. (1990) measured whole body 
cholesterol synthesis by incorporation of from ^HgO and by 
sterol balance. They found lesser hepatic HMG-CoA reductase 
activity in guinea pigs fed olive oil versus corn oil or lard 
and less whole body incorporation of in guinea pigs fed 
corn oil. They, however, could not demonstrate a difference 
in whole body synthesis by the sterol balance method. In 
addition, Ibrahim and McNamara (1988) found no differences in 
whole body sterol balance or HMG-CoA reductase activity in 
guinea pigs fed diets based on corn oil or lard. An 
interaction of dietary fat and dietary cholesterol on 
cholesterol synthesis was shown in a study done by Lin and 
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coworkers (1992). They found that hepatic HMG-CoA reductase 
activity decreased as dietary cholesterol concentration 
increased in guinea pigs fed corn oil. 
• Fernandez and McNamara (1991a) reported that amount of 
dietary fat can affect cholesterol synthesis. Feeding 
guinea pigs fat at 7.5 or 15% of the diet (wt/wt), they saw 
an increase in hepatic HMG-CoA reductase activity with 
increasing dietary fat. Mlekusch et al. (1991) fed rabbits a 
cholesterol-free diet containing either 2% or 19% fat (wt/wt) 
and saw increased plasma cholesterol concentrations with the 
high fat diets, which may be the result of increased 
cholesterol synthesis with increased dietary fat. Another 
explanation of this increase in plasma cholesterol could be a 
repartitioning of cholesterol from tissues to plasma. In a 
study in humans, Stacpoole et al. (1991) measured fecal 
sterol balance and demonstrated a 24% decrease in whole body 
cholesterol synthesis in subjects switched from diets 
containing 40% of energy as fat to diets containing only 1% 
fat. 
Fat effects on cholesterol absorption were measured by 
Reynier et al. (1988) in rats fed a 1.2% cholesterol diet. 
Both lard and corn oil, each at 28% (wt/wt) of the diet, 
decreased cholesterol absorption when compared with a low fat 
diet. There was no difference seen in the type of fat fed. 
In general, however, it is believed that low fat diets cause 
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lesser cholesterol absorption. This decrease is the result 
of low free fatty acid concentrations in the lumen of the 
small intestine and thus poor formation of mixed micelles 
(Grundy, 1983). Miettinen and Kesaniemi (1989) found no 
correlation between type of dietary fat and cholesterol 
absorption in men; they did, however, find a significant 
positive correlation between amount of fat and cholesterol 
absorption. They also demonstrated a positive correlation 
between linoleic acid consumption and cholesterol absorption, 
which also was seen in a study done with squirrel monkeys 
(Tanaka and Portman, 1977) where dietary safflower oil caused 
an increased cholesterol absorption over that for butter 
diets. In addition, Byers and Friedman (1958) found an 
increase in cholesterol absorption with sunflower oil over 
coconut oil when fed to rats. 
In contrast, other researchers have reported that 
feeding vegetable oils decreased cholesterol absorption, 
although this effect has been attributed to plant sterol 
inhibition rather than to fat effects (Reynier et al., 1989). 
Parks and Grouse (1992), using African green monkeys, 
measured cholesterol absorption as affected by lard, oleic 
acid-rich safflower oil, and fish oil at two concentrations 
of dietary cholesterol. Type of fat did not affect 
percentage of cholesterol absorption at low (0.05 mg/kcal) 
concentrations of dietary cholesterol; however, when monkeys 
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were fed 0.77 mg/kcal cholesterol, dietary fat effects were 
manifested. Monkeys fed lard absorbed a greater percentage 
of cholesterol than when fed fish oil or safflower oil. 
Thus, both synthesis and absorption of cholesterol are 
modified by dietary fat, but the effects are varied and 
confounded by dietary cholesterol. 
Dietary fat and cholesterol transport 
Cholesterol transport involves several interrelated 
systems, with a myriad of possible points of regulation. 
Both the systems of transport proteins (the lipoproteins) and 
the catalytic proteins are affected by fats in the diet. 
These effects can occur within the plasma (such as the action 
of LCAT), within the cell (for example, synthesis of 
lipoproteins), and at the plasma membrane (such as receptor 
binding of lipoproteins or cholesterol efflux to HDL). 
Dietary fatty acids influence membrane function by 
becoming incorporated into the phospholipids of the 
membranes. As phospholipid fatty acid composition becomes 
more unsaturated, the membrane can become more fluid. 
Changes in the membrane function can come about as a result 
of lipid-lipid and/or lipid-protein interactions. These 
interactions seem to take place in highly organized areas of 
the membrane. The membrane is heterogenous and contains 
several microdomains with different lipids that have 
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different orientations and levels of organization (Clandinin 
et al., 1991). 
Membrane fluidity has been shown to influence LDL- and 
HDL-cholesterol dynamics. Kuo and coworkers (1989) measured 
membrane fluidity in mononuclear cells from cebus monkeys fed 
corn oil or coconut oil. Plasma cholesterol was lower in 
monkeys fed corn oil than in those fed coconut oil. Corn oil 
feeding increased fluidity in mononuclear cell membranes by 
increasing the unsaturated fatty acid content. Mononuclear 
cells from animals fed corn oil exhibited greater binding and 
degradation of LDL. 
Cholesterol removal or efflux from endothelial cells was 
modified in an in vitro experiment by changing the 
phospholipid content of the cellular membranes (Kilsdonk, 
1992). Cells were preincubated with palmitic, oleic, 
linoleic, arachidonic, and eicospentaenoic acids. Palmitic 
acid increased cholesterol movement to HDL by 26% over the 
other fatty acids. The authors speculated that the different 
phospholipids that were formed during preincubation resulted 
in different microdomains in the membrane that facilitated 
transfer of cholesterol to the HDL. Lindsey et al. (1990) 
produced in vivo evidence that palmitic acid could increase 
HDL-cholesterol concentrations. They replaced lauric and 
myristic acids (coconut oil diets) by palmitic acid (palm 
oil) in diets fed to hamsters. The diets were cholesterol 
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free and supplied 13% of energy as fat. The diet high in 
palmitic acid produced a 10% increase in HDL-cholesterol 
concentrations. 
Furthermore, changes in fatty acid content of 
lipoproteins can affect cholesterol transport dynamics. In 
rabbits fed fish oil, Davis and Evans (1992) found a greater 
concentration of HDL-phospholipid palmitate, 
eicosapentaenoate, and docosahexaenoate than in rabbits fed 
safflower oil. Stearic acid was decreased in HDL-
phospholipids of rabbits fed fish oil. The HDL from rabbits 
fed fish oil exhibited a rate of cholesterol efflux from 
rabbit skin fibroblasts that was more than twice that of HDL 
from rabbits fed safflower oil. 
In another study. Loo et al. (1991) measured lipoprotein 
and membrane fluidity in rabbits fed corn oil, coconut oil, 
or menhaden oil. The polyunsaturated fats increased fluidity 
over that for the coconut oil in the lipoprotein fractions. 
Liver membrane fluidity, however, was increased in coconut 
oil-fed animals over that in animals fed polyunsaturated 
fats, in spite of an increased polyunsaturated fatty acid 
proportion in the hepatic membranes of rabbits fed corn and 
menhaden oils. These fluidity differences, however, did not 
affect LDL binding to the membranes. 
Receptor affinity for LDL was increased (Fernandez and 
McNamara, 1991a) as quantity of dietary fat was increased in 
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guinea pigs fed 15% fat (wt/wt) over those fed 7.5% fat. 
Again, no differences were seen in LDL binding to hepatocyte 
membranes; the increased amount of dietary fat, however, 
increased plasma cholesterol concentrations. 
High-density lipoprotein binding to hepatic membranes 
was depressed by dietary olive oil and lard when compared 
with corn oil fed to guinea pigs (Fernandez and McNamara, 
1991b). The corn oil effect was manifested by an increase in 
the number of HDL binding sites but not on membrane affinity 
for HDL. However, HDL-cholesterol values were not different 
for the three diets. In contrast, Chong et al. (1987) found 
lower HDL-cholesterol in association with higher fractional 
catabolic rates for apoA-I and apoA-II in rhesus monkeys fed 
corn oil diets versus monkeys fed coconut oil diets. 
In another study (Zsigmond et al., 1990), rats were fed 
diets containing either 20% lard (wt/wt) or 20% sunflower 
oil. The sunflower oil diets enhanced HDL binding and HDL-CE 
uptake by adipose cells. Membrane fatty acid content was 
more polyunsaturated in adipose cells from sunflower oil fed 
rats; membrane fluidity, however, was not measured. 
In addition to fluidity influences on plasma membrane, 
microsomal membrane fatty acid composition (and thus 
fluidity) may alter intracellular protein function. By using 
human fibroblasts enriched with oleic, linoleic, or 
eicosapentanoic acid, Pal and Davis (1991) demonstrated that 
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eicosapentanoic acid inhibited ACAT activity when compared 
with the other two fatty acids. In contrast, Chautan et al. 
(1990) found increased hepatic ACAT activity and cholesteryl 
ester storage in rats fed salmon oil over those fed corn oil. 
Certainly, lipid-lipid and lipid-protein interactions are 
important in the movement of cholesterol through the various 
transport pathways, whether membrane fluidity is casual or 
artifactual. 
Within the cell, synthesis and secretion of lipoproteins 
can be affected by dietary fat. Apolipoprotein B secretion 
decreased in humans with increased dietary polyunsaturated 
and monounsaturated fatty acids (Cortese et al., 1983; 
Wardlaw and Snook, 1990) and increased in macaques fed 
saturated fat (Hunt et al., 1992). Fernandez and coworkers 
(1992) found a 50% decrease in LDL apoB, a 100% increase in 
apoB receptor-mediated uptake, and a 28% decrease in apoB 
flux in guinea pigs fed 15% (wt/wt) corn oil diets versus 
lard or olive oil diets. In part, the differences in 
dynamics were the result of differences in lipoprotein 
composition. When lipoproteins isolated from corn oil-fed 
animals were injected into control animals, LDL were cleared 
at twice the rate of clearance of LDL from guinea pigs fed 
lard or olive oil. In another study, African green monkeys 
fed either fish oil or lard at 11% of the diet had similar 
rates of apoB secretion, but monkeys fed fish oil secreted 
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less than half the mass of triacylglycerols than did the 
monkeys fed lard (Parks et al., 1990). This difference was 
caused partially by a shift of polyunsaturated fatty acids 
from VLDL-triacylglycerol synthesis to hepatic phospholipid 
synthesis. 
The mechanism of regulation of apoB synthesis seems to 
be post-translational, as shown by Dixon et al. (1991). By 
using Hep G2 cells, the rate of secretion of apoB was 
increased 100% in the presence of physiological 
concentrations of oleate. No change was seen in the 
synthesis of apoB, but intracellular degradation was 
inhibited. 
In the plasma, dietary fatty acids influence the 
catalytic proteins involved in cholesterol transport. In one 
study (Mott et al., 1987), LCAT activity was greater in 
baboons fed diets high in saturated fatty acids than in 
baboons fed diets high in unsaturated fatty acids as 
indicated by an increase in plasma cholesteryl ester mass, 
but no increase in fraction of cholesterol esterified was 
seen. In another study, rabbits fed diets containing 19% fat 
had greater LCAT activity and plasma cholesterol 
concentrations than did rabbits fed 2% fat diets (Mlekusch et 
al., 1992). 
In vivo alteration of the activity of another plasma 
protein, CETP, by dietary fat should be expected because 
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activity in vitro increases with increasing acyl chain length 
and decreases with increasing number of double bonds in the 
cholesteryl esters. However, in studies summarized by 
Swenson (1991) dietary triacylglycerols gave mixed results 
when polyunsaturated fats were compared with saturated diets. 
The degree of CETP activity in humans may be related in some 
measure to degree of saturation, however. In one study of 
normolipemic men fed several ratios of saturated to 
polyunsaturated diets, only a highly monounsaturated diet 
decreased CETP activity (by 11%). The other diets did not 
significantly alter CETP activity. High activities of CETP 
seem correlated positively to atherogenicity, and high 
concentrations of HDL inhibit CETP activity (Swenson, 1991). 
Activity of catalytic proteins within the cell also can 
be regulated by dietary fats. This effect was demonstrated 
by Lin et al. (1992) who used oleic acid to promote storage 
of cholesteryl esters through stimulation of ACAT activity. 
They speculated, however, that increased free cholesterol 
concentrations also may be required. This interaction 
between dietary fat and dietary cholesterol also was 
demonstrated in an experiment with rhesus monkeys where 
increases in dietary coconut oil increased plasma cholesterol 
concentrations only when cholesterol was added to the diet 
(Erschow et al., 1981) 
The relationship between dietary cholesterol and dietary 
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fat was illustrated further in the study done by Lin and co­
workers (1992). Guinea pigs were fed either lard, olive oil, 
or corn oil at 15% (wt/wt) of the diet. Liver cholesterol 
concentrations were increased by increasing cholesterol and 
polyunsaturated fat concentration in the diet. As 
cholesterol was increased in the diet, liver free and 
esterified cholesterol increased with greater dietary 
polyunsaturated fat. Guinea pigs fed lard had the lowest 
concentrations of hepatic free and esterified cholesterol. 
These data suggest a role for fatty acids in hepatic 
regulation of cholesterol homeostasis that increases in 
importance with increasing dietary cholesterol. These 
authors speculated that the repression of LDL receptor by 
dietary cholesterol is overcome partially by dietary 
polyunsaturated fatty acids. This stimulation of LDL 
receptor expression may lead to increased binding of not only 
apoB-containing particles but also apoE-containing 
chylomicron remnants and HDL by the liver. 
In an attempt to shed further light on the interaction 
of dietary fatty acids and dietary cholesterol, Hayes and 
Khosla (1992) combined data from 16 studies with cebus 
monkeys to compare the effects of individual fatty acids on 
LDL-cholesterol concentrations. They postulated from the 
results that lauric and myristic acids act to down-regulate 
the LDL receptor in the absence of dietary cholesterol and 
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that palmitic acid was not hypercholesterolemic unless 
dietary cholesterol exceeded 300 mg daily. In addition, they 
proposed that increasing dietary linoleic acid above 5 to 6% 
of the diets fails to result in a proportional increase in 
LDL receptor activity. This linoleic acid "threshold" would 
decrease in effect as the dietary myristic and lauric acids 
were decreased. The hypothesis concerning palmitate has been 
confirmed in two studies with humans (Ng et al., 1992; Heber 
et al., 1992). Both studies were crossover designs that 
demonstrated increases in plasma cholesterol concentrations 
in normocholesterolemic humans while consuming coconut oil, 
but the concentration returned to baseline when coconut oil 
was replaced with palm oil. 
The mechanisms of dietary fat and cholesterol action on 
receptor activity were studied by Hennessy et al. (1992) who 
saw increased lipoprotein cholesterol and protein in cebus 
monkeys fed coconut oil versus monkeys fed corn oil without 
additional dietary cholesterol. They found decreased hepatic 
LDL receptor mRNA only upon addition of dietary cholesterol, 
suggesting that dietary saturated fat affects receptor 
activity after transcription. 
In addition to dietary cholesterol effects on 
cholesterol transport dynamics, the amount of fat in the diet 
plays an important role. This role is illustrated by the 
following two studies done recently with human subjects. 
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Decreasing average intake of dietary fat from 37% to 21% of 
energy as fat decreased plasma cholesterol concentrations in 
women (Boyd et al., 1990). Changes in serum cholesterol 
concentrations varied with baseline values, with the highest 
baseline values decreasing the most (10% after 12 months). 
In a study done with normolipidemic male subjects that 
compared 44% of total calories as fat diets with diets 
containing 31% of calories as fat, total cholesterol and HDL-
cholesterol were decreased by 17 and 10 mg/dL, respectively. 
No effect was seen on LDL-cholesterol values (Bowman et al., 
1988). 
Dietary fat and cholesterol outputs 
Increased uptake of cholesterol by the tissues of 
animals fed polyunsaturated fats over that for animals fed 
saturated fats has been documented by several researchers 
(Walsh et al., 1983; Diersen-Schade et al., 1986; Baldner-
Shank et al., 1987). Increased uptake of cholesterol by the 
liver (Vaziri et al., 1988; Parks et al., 1990) is the first 
step in cholesterol clearance into bile and is one possible 
mechanism of the plasma cholesterol lowering effect of 
polyunsaturated fatty acids. In addition, diets that replace 
polyunsaturated acids with saturated fatty acids seem to 
decrease uptake by the liver, resulting in increased plasma 
LDL-cholesterol concentrations. 
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Woollett et al. (1989) demonstrated that in the presence 
of dietary cholesterol saturated fat downregulated the LDL 
receptor in the livers of hamsters. This downregulation 
occurred in conjunction with a slight overall increase in 
cholesterol transport into the liver and with an increase in 
LDL-cholesterol production rate. Therefore, although LDL 
receptor-independent cholesterol transport into liver was 
increased with saturated fat feeding and overall uptake of 
cholesterol was increased, the increase in production rate of 
LDL was quantitatively greater, forcing an increase in LDL-
cholesterol concentrations. Hunt et al. (1992) demonstrated 
an increase in LDL clearance into livers of macaques with an 
increase in dietary polyunsaturated fatty acids. Clearance 
via LDL receptor was inhibited with increasing dietary 
cholesterol. Furthermore, Fox et al. (1987) saw a 
suppression of LDL receptor mRNA concentrations in livers of 
baboons fed saturated fats compared with those fed 
polyunsaturated or monounsaturated fats. 
In addition, polyunsaturated acids may act at the other 
end of the polar hepatocyte, assisting in delivery of 
cholesterol to bile by creating more fluid microdomains in 
the hepatocyte/canalicular membrane. This increase in 
fluidity would make it easier for bile acids to pull lipids, 
including both phospholipids and cholesterol, from the 
membrane. In addition, this increase in fluidity would favor 
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micelle formation in the intestinal lumen (Coleman and 
Rahman, 1992). 
Composition of bile is altered by type of dietary fat 
and may have effects on both cholesterol output and gallstone 
formation (Liepa and Sullivan-Gorman, 1986). Polyunsaturated 
fats tend to increase cholesterol in bile and increase the 
incidence of gallstones (Sturdevant et al., 1973). In a 
long-term study with baboons, polyunsaturated fat diets 
increased biliary cholesterol by 26% and the bile cholesterol 
saturation index by 23% (Mott et al., 1992). Ramesha et al. 
(1980) fed rats diets containing 10% safflower oil, coconut 
oil, or hydrogenated vegetable oil. The rats fed safflower 
oil had increased rates of bile flow, fecal cholesterol, and 
bile acids. Furthermore, 7-alpha-hydroxlase activity was 
increased in rats fed safflower oil, as was the rate of 
cholesterol synthesis. No cholesterol was fed in these 
studies, and the authors speculated that the increase in 
cholesterol synthesis in liver was the result of increased 
bile acid excretion in feces. 
Boquillon and Clement (1979) found that dietary corn oil 
increased biliary cholesterol and phospholipid output over 
that by dietary lard and mutton in rats. In addition, the 
authors saw an increase in biliary cholesterol and 
phospholipid with increasing dietary fat. Amount of dietary 
fat also can influence hepatic cholesterol stores and thus. 
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potentially, bile composition. Fernandez and McNamara 
(1991a) fed guinea pigs diets containing 7.5 or 15% olive oil 
and saw increased free and total cholesterol in liver with 
the 15% fat diet. This effect was not seen in guinea pigs 
fed varying amounts of corn oil or lard. 
Fat effects on biliary parameters are not clear cut, 
however. Ballesta et al. (1991) fed miniature pigs lard, 
olive oil, or sunflower oil and saw no differences in biliary 
cholesterol or bile acids. They did see a significant 
increase in biliary phospholipids in bile of pigs fed lard. 
In another study, where corn oil or salmon oil were fed to 
rats at 10% of the diet (wt/wt), corn oil caused no change in 
bile composition or flow (Chautan et al., 1990). Salmon oil, 
however, increased bile flow and concentrations of bile 
acids, cholesterol, and phospholipids. 
Altering outputs of sterols by changing the composition 
of the bile does not necessarily mean that those sterols will 
be lost from the body. Certainly, both bile acids and 
biliary cholesterol are subject to reabsorption from the 
intestine. It is necessary then to consider cholesterol 
balance in the total organism. 
Dietary fat and whole body cholesterol balance 
The effects of dietary fat and cholesterol on 
cholesterol homeostasis were discussed by Lin and associates 
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(1992). They concluded that dietary cholesterol may affect 
cholesterol homeostasis by more immediate effects on 
cholesterol synthesis, and dietary fat may have more long-
term effects on cholesterol regulatory pools and on 
expression of LDL receptors. This concept was supported by 
work done by Ibrahim and McNamara (1988) in which whole body 
cholesterol synthesis was not different between guinea pigs 
fed lard or corn oil. The authors found increased 
cholesterol in livers, intestines, adipose tissue, skeletal 
muscle, and total carcass and increased LDL binding to 
hepatic receptors of guinea pigs fed corn oil. They then 
speculated that dietary polyunsaturated fatty acids do not 
affect whole body cholesterol balance but repartition 
cholesterol from plasma to tissues by upregulation of the LDL 
receptor. 
Woollett and co-workers (1992) measured in vivo LDL 
receptor activity and LDL production rate in hamsters fed 
diets containing 0.12% cholesterol and different types and 
amounts of dietary fat. They found that hydrogenated coconut 
oil depressed receptor activity and increased LDL production, 
whereas safflower oil increased receptor activity with no 
effect on LDL production rate. Increasing dietary fat up to 
20% of the diets (wt/wt) magnified the effects. Dietary 
coconut oil increased plasma cholesterol concentrations in a 
dose-dependent manner, but dietary safflower oil had no 
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effect on plasma LDL concentrations. This work agrees with 
the work of Hayes and Khosla (1992) in that dietary 
cholesterol was shown to be critical for the response of 
saturated fats as far as downregulation of the LDL receptor 
is concerned. 
In addition, Woollett et al. (1992) found decreasing 
hepatic stores of cholesteryl ester in hamsters fed 
increasing amounts of coconut oil and hypothesized that the 
free cholesterol regulatory pool was increased, thus 
suppressing the LDL receptor activity. This scenario agrees 
with the hypothesis that dietary fat type does not change 
whole body cholesterol balance but repartitions the 
cholesterol away from the LDL and into the tissues. This 
same laboratory saw similar results in the rat (Spady and 
Woollett, 1990). When diets containing 20% (wt/wt) coconut 
oil were replaced by diets containing 20% safflower oil or 
fish oil, LDL-receptor activity increased and LDL-cholesterol 
concentrations and LDL production decreased. Ohtani et al. 
(1990) also demonstrated increased secretion of VLDL 
cholesterol (likely leading to increased LDL production) and 
increased VLDL- and LDL-cholesterol concentrations in 
hamsters fed diets containing 0.1% (wt/wt) cholesterol plus 
5% palmitic acid. Dietary linoleic acid also increased 
secretion of VLDL-cholesterol, but plasma cholesterol 
concentrations were decreased as a result of an increase in 
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hepatic LDL receptor activity. 
In contrast with the above findings of Ohtani and 
colleagues, Oh and Monaco (1985) found an increase in fecal 
bile acid excretion in human subjects when the subjects 
consumed diets high in polyunsaturated fats (P/S ratio 1.8) 
compared with when they consumed diets high in saturated fats 
(P/S ratio 0.28). This difference in biliary excretion of 
sterols was seen only at high (1,000 mg/day) cholesterol 
intakes; fecal excretion of neutral sterols and bile acids 
were not different for different dietary fats when 
cholesterol intake was limited to 300 mg/day. 
The difficulty in drawing general conclusions from 
dietary fat trials was underlined by a study done with human 
subjects in which diets were consumed that contained 35% of 
calories as either saturated or polyunsaturated fat (McNamara 
et al., 1987). Of the subjects studied, 69% were able to 
adjust to additional cholesterol intake by decreasing 
cholesterol absorption or endogenous synthesis regardless of 
the type of dietary fat. The results for dietary fats were 
similar; 72% of the subjects reflected no change in plasma 
total cholesterol concentrations with changes in dietary fat. 
Overall, the authors found a mean decrease in plasma 
cholesterol of 6% when the diet was shifted from a 
polyunsaturated to saturated fatty acid ratio of 0.3 to 1.5. 
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In vivo kinetics 
Any type of system can be described in mathematical 
terms, if so desired. Mathematical descriptions of 
biological systems can take many forms; however, 
compartmental analysis has proven to one of the most useful 
techniques (Herman et al., 1962). 
The simplest of compartmental models is the single 
compartment model shown in Figure 1. The model can be 
thought of as a pool containing one molecular species with 
mass (Mathe and Chevallier, 1980). Loss from this 
compartment to outside the system is dependent upon a 
constant of the system L(0,1), the rate constant. Therefore, 
the quantity of material leaving the system, the output 
R(0,1), can be expressed by the equation R(0,1) = L(0,1) * 
. The units of are mass units, for example, milligrams 
(mg). The units of R(0,1) are then in mass per time, for 
example, mg/hour (hr). The rate constant is expressed in 
inverse time, for example, 1/hr. 
For the system to actually describe a real situation, 
the model must contain some input R(1,0) with units of 
mass/time. Change with time for this simple system can be 
described by the differential equation dQ/dt = R(1,0) -
R(0,1). Such systems, when used to model biological systems, 
often are assumed to be in the steady state; mathematically, 
this means that input equals output or dQ/dt = 0. The rate 
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R(1,0) 
[L(1,0)] 
T 
1 
R(0,1) 
[L(0,1) ] 
T 
Figure 1. Hypothetical onerpool model. 
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constant can be thought of as the fraction of the mass that 
is lost per unit time, which can be expressed by the equation 
L(0,1) = R(0,l)/Qi (Shipley and Clark, 1972). This equation 
can.be solved if the mass (or volume) and the output are 
known. 
Often, however, in biological systems, one cannot 
directly measure either flow or mass. Fortunately, this 
limitation can be overcome by the use of tracers (Shipley and 
Clark, 1972). If an initial dose of a tracer is placed in 
the system, the rate constant can be calculated by following 
the disappearance curve of the tracer. This calculation is 
accomplished by sampling the compartment over the course of 
time and solving for the fraction of tracer lost per unit 
time. Of course, as tracer is lost from the system, it is 
not replaced; therefore, the amount of tracer in the system 
approaches zero with time. 
The rate of change in tracer concentration can be 
described by the equation -(dQ/dt) = L(0,1)*Q, where -(dQ/dt) 
represents the rate of change, L(0,1) is the rate constant, 
and Q is the amount of tracer present at any one time (t). 
By using calculus, one can derive the equation that describes 
simple exponential loss as Q = Qo*e'^^°'^)**, where QQ is the 
amount of Q present at time zero (the initial dose) and the 
quantity is -L(0,l)*t as the exponent of the base 
e. This equation is the same as the equation for exponential 
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decay of radioactivity from any radioactive source; 
e"L(0>1)*t equals 1 at time zero and thus Q = Qg at time zero 
(Shipley and Clark, 1972). 
Thus, knowing the quantity of tracer at time zero and 
measuring the amount of tracer present at intervals after 
time zero, one can collect sufficient data to solve for 
L(0,1). By having solved for the rate constant, one can 
solve for the flow R(0,1) of tracer and for the compartment 
size, if the specific radioactivity of the trace material is 
known. 
The case for the single compartment can be extended to 
multiple compartments. The two-compartment model (Figure 2) 
serves to describe the mathematics involved. Again, 
exponential functions play an integral role; indeed, the 
concept of compartmental analysis or modeling is based on the 
assumption that exponential functions can describe the 
movement of tracer within the system (Shipley and Clark, 
1972) . 
In the two-compartment model, the differential equation 
that describes the change in tracer concentration in the 
first compartment is dQ^/dt = (R(1,0) + R(l,2)) - (R(0,1) + 
R(2,l)). The equation for the second compartment is similar 
to the first and is written dQg/dt = (R(2,0) + R(2,l)) -
(R(0,2) + R(2,l)). The flows can be written in terms of the 
rate constants and the amount of tracer present, i.e., R(0,1) 
R ( 1 , 0 )  
[L(1,0)] 
1 
R ( 2 , l )  
[L(2,l)] 
R ( l , 2 )  
[ L ( l , 2 ) ]  
R ( 0 , 1 )  
[L(0,1)] 
T 
Figure 2. Hypothetical two-pool model. 
R ( 2 , 0 )  
[ L ( 2 , 0 ) ]  
T 
2 
R ( 0 , 2 )  
[L(0,2)] 
• 
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= L(0,1)*Q^. Again, by collecting data at different time 
points after time zero, one can plot the amount of tracer 
(usually as fraction of initial dose or in terms of specific 
radioactivity) versus time and describe the resulting curve 
as a sum of exponentials. 
There are several methods available for "fitting" the 
data to a mathematical expression. For the two-compartment 
model, a graphical analysis or curve peeling technique often 
is used (Shipley and Clark, 1972); however, computer programs 
exist (and are almost essential for more complicated models) 
that can fit the data by an iterative process (Berman, 1962). 
For the compartment model, two differential equations 
describe the movement of tracer in the compartments during 
the same time frame. These simultaneous equations then can 
be solved given the proper assumptions (i.e., in Figure 2, 
input into both compartments at the same time introduces too 
many unknowns; to solve the equations, one must assume input 
into one or the other compartments or solve for the sum of 
the two). Solving these equations involves integration and 
matrix mathematics or Laplace transformation. Suffice it to 
say, the solutions for the rate constants can be expressed in 
terms of the parameters of the sum of exponentials that 
describes the curve of the disappearance of the radiotracer 
(Shipley and Clark, 1972). 
The use of mathematical terms and data collected from 
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using radiotracer substances to describe a biological process 
requires certain assumptions be made about the system. Each 
described system has unique properties, but several 
assumptions are common to most compartmental analysis. The 
first assumption is that the system is in steady state; that 
is to say, inputs equal outputs (Zech et al., 1986). Of 
course, in the long run, no "living" biological system can be 
in the steady state; most are either in a state of growth or 
decline. In the short run, and certainly under carefully 
controlled experimental situations, a steady state can be 
approximated. The condition of steady state greatly 
simplifies the interpretation of the experiment. 
A second assumption underlying compartmental analysis is 
that each compartment consists of a homogeneous, 
instantaneously mixed pool (Zech et al., 1986). This 
assumption often is stretched to include biologically 
heterogenous pools that act as kinetically homogeneous pools. 
For example, free plasma cholesterol is known to exist in 
several different lipoprotein pools and to rapidly exchange 
with free cholesterol in some tissues. These different pools 
of free cholesterol can be considered as one compartment 
under some experimental conditions (Mathe and Chevallier, 
1980) . 
A third assumption is that the tracer material behaves 
exactly as the tracee material (Jacquez, 1972). This 
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assumption means, for example, that there is no isotope 
fractionation when isotopes are used as the tracer. In 
general, this assumption is valid. By using tracers, one 
also must assume that the amount of tracer required is much 
smaller than the amount of tracee. If excessive amounts of 
tracer are required, the system may be disturbed (Shipley and 
Clark, 1972). 
The study of lipoprotein and cholesterol kinetics 
involves computation of synthesis or production rates, 
fractional catabolic rates, flow rates between pools, and 
plasma and extraplasma masses (Berman, 1979). Lipoproteins 
consist of several separate components, all of which can be 
labeled and studied kinetically. The protein components have 
been characterized the most, followed by triacylglycerol 
kinetics in VLDL (Berman, 1979). Kinetics of lipoprotein 
free and esterified cholesterol have not been researched 
extensively. ApoB kinetics and LDL-CE kinetics are similar 
in that uptake of whole LDL particles removes both the 
cholesteryl ester and the apoprotein; however, inputs of apoB 
and cholesteryl esters differ greatly and, overall, the 
kinetics of the two moieties must differ. In addition, HDL-
CE kinetics differ greatly from the HDL apoprotein kinetics, 
especially in light of work that has shown HDL-CE uptake to 
be independent of whole particle uptake (Scobey et al., 
1989) . 
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Because the computer is able to attend to the 
mathematics of compartmental analysis, the complexity of 
modeling has been developed far beyond the two- or three-pool 
model. More complex models of cholesterol metabolism have 
been developed (Schwartz et al., 1978; Schwartz et al., 1982; 
Magot et al., 1987; Magot, 1988; Goldberg et al., 1991). 
Model building relies on current knowledge of the system 
being studied and the ability of computers to fit the data. 
Generally, least squares analysis is used for computation of 
best fit. The SAAM program [Simulation Analysis and Modeling 
(Berman and Weiss, 1974)] allows for analysis of data from 
several compartments and from different individuals 
simultaneously. In addition, the program has several 
functions that allow for biological delays or for isolation 
of parts of the total model to simplify the modeling 
procedures. 
The model developed by Schwartz and coworkers (1978) was 
done in biliary fistulated humans. They administered both 
^H-mevalonic acid and ^^C-cholesterol. By using the SAAM 
program, they were able to simultaneously model data from 
both isotopes. Lipoproteins were not modeled separately. 
Their model concentrated on determining the flow of 
cholesterol through the liver and into bile as bile acids and 
biliary cholesterol. 
Magot et al. (1987) developed their model in the rat by 
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combining two experiments. The first involved short-term 
studies of 48 hours. Radioactivity was introduced via 
cholesterol-labeled red cells. This procedure allowed 
determination of the rapidly turning over cholesterol pools. 
The second experiment measured slow exchange pools and was 4 
months in duration. Even with both experiments, the model 
could not be derived without inclusion of data from the 
literature. This model did not separate lipoprotein 
cholesterol but was computed by using plasma free and 
esterified cholesterol. The computations were done by using 
separate algorithms to minimize least squares and to carry 
out the simulations. 
The Magot (1988) and Schwartz et al. (1978) models 
differ in interpretation of data for liver. In the rat, 
Magot identified a separate kinetic pool of cholesteryl ester 
in the lysosome that is subject to hydrolysis. After 
hydrolysis, the free cholesterol joins the free cholesterol 
pool that supplies cholesterol to bile acid, biliary 
cholesterol, and lipoproteins. Schwartz and coworkers, 
working with human subjects, did not define a lysosomal pool 
but instead showed two distinct pools for bile acid and 
biliary cholesterol precursors. This work is supported by 
the results of Stone and Evans (1992), who reported data in 
the rat consistent with separate precursor pools for bile 
acids and biliary cholesterol. Their work suggests that 
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biliary cholesterol and VLDL-cholesteryl ester secretion are 
reciprocal, that they come from the same precursor pool, and 
that regulation of secretion from that pool is via ACAT. 
The model of Goldberg et al. (1991) was developed from 
data from rabbits. They used four different tracers and 
solved the equations simultaneously by using SAAM. The model 
was limited to cholesteryl ester metabolism and did not 
include free cholesterol or biliary data. Successful, 
simultaneous modeling of the data dictated inclusion of 
extraplasma exchange pools for both LDL and HDL. 
Mathematical descriptions of biological systems by 
compartmental models provide a valuable method to study those 
systems. Furthermore, there are several advantages to models 
that incorporate several sets of data from the same system. 
These more comprehensive models 1) allow for more information 
to be derived from the data and more constraints to be placed 
on the system and 2) provide for an increased knowledge about 
the system and the limitations of the data collected (Herman, 
1979) . 
Pigs as Models for Humans 
Humans are the ultimate model for study of human 
nutritional physiology. There are many studies, however, 
that for ethical, fiscal, or other reasons cannot be 
conducted feasibly with human subjects. Thus, in order to 
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conduct needed research, an animal model must be selected. 
The pig has been characterized with regard to physiological 
parameters (Hannon et al., 1990) and found to be quite 
similar to humans. Several authors have reported spontaneous 
development of atherosclerosis in pigs (Skold and Getty, 
1961; Gottlieb and Lalich, 1954), and characterization of 
atherosclerotic plaques has revealed many similarities to 
those developed in humans (Reitman et al., 1982; Ratcliffe et 
al., 1970). Pigs make good models for nutritional and 
cardiovascular research because of their anatomy and ability 
to digest diets similar to humans and because pigs are large 
enough for surgical intervention and repeated blood sampling 
(Phillips and Tumbleson, 1986). In addition, pigs are born 
in large littermate groups and same-sex siblings can be used 
as experimental replications to decrease genetic variability 
across treatments. 
Pigs transport cholesterol in lipoproteins with 
apolipoprotein profiles and density gradient patterns very 
similar to those found in humans (Mahley, 1975; Swinkels and 
Demacker, 1988; Stucchi et al., 1990). Pigs have been used 
in bile research (Juste et al., 1983), in studies on reverse 
cholesterol transport (Kim et al., 1988), and in trials 
studying lipoprotein clearance (Checovich et al., 1988). 
Pigs are different from humans in some respects that are 
important to research dealing with cholesterol metabolism. 
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Cholesteryl ester transfer protein is not present or has very 
low activity in pigs (Ha and Barter, 1982). Very-low-density 
lipoprotein-cholesterol is much lower in pigs than in humans 
(Patel et al., 1975). In addition, facilities for handling 
the pigs must be available and, because they continue to 
grow, pigs can become too large to be kept for long-term 
studies. 
Although not a perfect model, pigs have been and will 
continue to be used successfully in biomedical research. 
Several excellent reviews have been written on the use of 
pigs as human models (Hughes, 1986; Phillips and Tumbleson, 
1986; Rapacz and Hasler-Rapacz, 1989) 
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PAPER I. SECRETION OF BILIARY CHOLESTEROL IS ALTERED BY 
AMOUNT BUT NOT BY TYPE OF DIETARY FAT. 
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ABSTRACT 
Young growing pigs were fed for eight weeks to test the 
hypothesis that changes in bile flow, bile composition, and 
distribution of cholesterol in the body are associated with 
changes in lipoprotein composition caused by different 
dietary fatty acids. A 2 X 2 factorial arrangement included 
two amounts of fat [20% of energy from fat (20%) and 40% of 
energy from fat (40%)] and two major sources of fat [beef 
tallow (T) and soy oil (S)]. Pigs fed 40% diets had greater 
bile flows and biliary cholesterol secretion than did pigs 
fed 20% diets. Bile phospholipid and bile acid secretion did 
not vary with dietary treatment. Bile from pigs fed the 40% 
diets contained less myristic, palmitic, and oleic acids and 
more stearic and linoleic acids than did bile from pigs fed 
the 20% diets. Bile from pigs fed T contained more palmitic, 
palmitoleic, and oleic acids and less stearic, linoleic, and 
linolenic acids than did bile from pigs fed S. HDL-total 
cholesterol concentrations from T fed pigs were decreased by 
feeding, whereas LDL-total cholesterol concentrations were 
not affected. The T diets increased cholesterol 
concentrations in Lonaissimus dorsi and percentage lipid in 
liver. Pigs fed the 40% diets had less cholesterol in 
subcutaneous adipose tissue than did pigs fed the 20% diets. 
In conclusion, diets containing T or S differed in their 
effects on HDL-cholesterol metabolism, tissue cholesterol 
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concentrations, and biliary fatty acid composition; however, 
biliary cholesterol secretion was altered by amount but not 
by type of dietary fat. 
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INTRODUCTION 
Effects of dietary fat on cholesterol metabolism and 
risk factors for coronary heart disease have been the subject 
of several studies (Grundy and Denke, 1990; Gotto et al., 
1990). Keys et al. (1957) and Hegsted et al. (1965) observed 
differential effects of several various fatty acids on plasma 
cholesterol concentrations. More recently, Bonanome and 
Grundy (1988) have verified the "neutral" role of stearic 
acid, and Hayes and Khosla (1992) have put forth a theory 
modifying the conclusions of the Keys and Hegsted groups 
concerning the role of palmitic acid. 
The mechanisms by which dietary fats influence 
cholesterol metabolism and the distribution of cholesterol in 
the body are complex and interactive with each other. Fatty 
acids in the diet alter fatty acid profiles in plasma 
(Kunnert et al., 1988; Faidley et al., 1990), tissues (Das 
and Hajra, 1989; Luhman, 1990), and biliary phospholipids 
(van Berge Henegouwen et al., 1987; Luhman, 1990). In 
addition, changes in fatty acid composition of plasma 
membranes can affect protein function and lipid-lipid 
interactions (Gibney and Bolton-Smith, 1988; Morson and 
Clandinin, 1986). 
The current study was designed to determine how dietary 
fatty acid composition alters distribution of cholesterol in 
the body and secretion of cholesterol into bile, as bile 
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acids and biliary cholesterol. Pigs were used as a model 
because of their similarity to humans in terms of both 
physiology and anatomy (Tumbleson, 1986; Rapacz and Hasler-
Rapacz, 1989). 
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MATERIALS AND METHODS 
Animals 
Forty crossbred, castrated male pigs, approximately 12 
kg in body weight, were assigned randomly to four test diets. 
Beef tallow and soy oil were fed at two different 
concentrations in a completely randomized (2X2 factorial) 
design. Pigs were housed in an environmentally controlled 
facility in individual, 25 square foot pens. The pens were 
on raised decks with plastic slotted flooring. Water was 
available for ad libitum consumption from automatic nipple 
waterers. Pigs were weighed weekly, and feed intake was 
adjusted weekly to 95% of recommended energy intake (National 
Research Council, 1979). 
Diets 
Dietary ingredients are listed in Table 1, and 
compositional analyses of the diets are shown in Tables 2 and 
3. Diets were designed such that all other nutrient 
requirements would be met at 95% of recommended energy intake 
for young growing pigs (National Research Council, 1979). 
Beef tallow and soy oil were added to the diets to attain 20% 
or 40% of total calories as fat. Ground beef and soy protein 
isolate were the major sources of protein in the diet. 
Crystalline cholesterol and dl-a-tocopheryl acetate were 
added to the diets by dissolving them in soy oil or melted 
Table 1. Diet ingredients 
Ingredient 
Diet^ 
2 OS 20T 4 OS 40T 
Ground shelled corn 
Soy protein isolate^ 
Dried skim milk® 
Ground beef* 
Soy oil® 
Tallow* 
Corn starch 
Solka Floe 
Dicalcivm phosphate 
Calcium carbonate^ 
Vitamin and mineral® 
Cholesterol 
dl-a-Tocopheryl acetate 10 
32.3 
5.0 
19.4 
6.9 
6.9 
0 . 0  
18.6 
5.8 
1.2 
0.4 
0 . 6  
0.015 
0.004 
-% Of dry matter-
32.3 
4.9 
19.4 
6.9 
0.6 
5.8 
2 2 . 0  
5.8 
1.2 
0.4 
0 . 6  
0.009 
0.009 
35.7 
5.5 
21.4 
7.6 
15.9 
3.2 
1.3 
6.4 
1.3 
0.5 
0.7 
0.013 
0.000 
36.0 
5.5 
21.6 
7.7 
2 . 6  
15.7 
1.2 
6.4 
1.3 
0.5 
0.7 
0.000 
0.007 
'Abbr.: 20% and 40% = amount of energy in diet from fat, T = tallow, S = soy 
oil. 
^Nurish 1300 (90% protein on a dry matter basis), Protein Technologies 
International, St. Louis, MO, courtesy of G. Kesel. 
United States Department of Agriculture, Agricultural Stabilization and 
Conservation Service, courtesy of R. H. Sindt. 
^Uncooked, 95% lean, Iowa State University Meat Laboratory, Ames, lA. 
^Central Soya Co., Inc., Fort Wayne, IN, donated through the courtesy of D. 
Strayer. 
®James River Corporation, Berlin, NH. 
^Fre-Flo Alden Ground Limestone, Iowa Limestone Co., Des Moines, lA. 
®Feed Specialties Co., Des Moines, lA. Guaranteed analysis (per kg): 416 
rice hulls, 288 g sodium chloride, 143 g 1-lysine-HCl, 63.0 g choline chloride, 
45.4 g ferrous sulfate monohydrate, 19.3 g zinc oxide, 10.9 g manganous oxide, 
3.80 g niacin, 2.88 g riboflavin, 2.05 g d-calcium pantothenate, 2.70 g cupric 
oxide, 1.50 g menadione bisulfite complex, 1.26 g dl-a-tocopheryl acetate, 1.15 
cyanocobalamin, 0.85 g retinyl acetate, 125 mg biotin, 75 mg ethylenediamine 
dihydroiodate, and 25 mg folic acid. 
®Sigma Chemical Co., St. Louis, MO. 
1°ICN Nutritional Biochemicals, Montreal, Canada. 
Table 2. Feed compositional analysis on a dry-weight basis 
Dietl Dry Matter Lipid Protein Cholesterol GE^ 
% % % (ug/kcal GE) (kcal/kg) 
2 OS 82.44 9.82 20.58 32.67 4,607 
20T 81.91 9.78 19.30 33.82 4,625 
4 OS 85.16 21.90 20.20 31.10 5,302 
40T 83.41 21.44 20.64 32.64 5,300 
^Diets defined in Table 1. 
^Abbr.: GE refers to gross energy as determined by bomb calorimetry. 
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Table 3. Fatty acid composition of diet 
Diet^ 
Fatty acid 20S 40S 20T 40T 
•wt% 
Myristic 0 .72 1 .06 3 .11 3 .37 
Myristoleic 0, .00 0 .00 0 .83 0 .96 
Palmitic 15, .50 15, .73 24, .59 24 .75 
Palmitoleic 0. 84 0, .98 3, .22 3, .69 
Keptadecano ic 0. 00 0, .23 0, .50 0, .51 
Stearic 6. 24 7. ,52 13. 75 14, .84 
Oleic 28. ,10 28, ,37 37. ,50 37. ,62 
Linoleic 43. ,90 41. ,30 15. ,99 13. ,34 
Linolenic 4. 67 4. ,98 0. ,82 1. ,03 
Saturated acids^ 22. 46 24. ,31 41. ,45 42. 96 
P/S ratioS 2. 16 1. 90 0. 41 0. 33 
^Diets defined in Table 1. 
^Saturated acids include myristic, palmitic, and stearic 
acids. 
^P/S ratio was calculated by dividing the weight percent 
polyunsaturated acids (linoleic and linolenic acids) by the 
weight percent saturated acids. 
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tallow before preparing the diet to equalize the amount of 
these components across all diets. Pigs were fed two times 
daily for eight weeks. Diets were formulated to contain 
3,900 kilocalories and 4,300 kilocalories of metabolizable 
energy per kilogram of dry feed for the low fat diets and 
high fat diets, respectively. 
Surgical modification 
During week 6, each pig was fitted with a bile duct 
catheter and duodenal catheter as described by Faidley et al. 
(1991). Post-surgical bile flow and body temperature were 
monitored daily. During the same surgery, pigs were fitted 
with femoral arterial catheters. Patency of the catheter was 
maintained by flushing the catheter every other day with a 
sodium heparin solution (192 U/mL) in 0.15 M NaCl solution. 
Furthermore, additional same age "bile donor" pigs were 
implanted with common bile duct and duodenal catheters. Bile 
from these pigs was collected daily and stored at 4°C until 
needed for reinfusion into test pigs. The bile donor pigs 
were fed treatment diets and maintained under identical 
conditions as the treatment pigs until catheter failure. 
Sample collection 
At the end of week 8, pigs were fed every four hours to 
establish and maintain a "fed" steady state. Total bile 
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samples were collected every 4 hours for the next 48 hours. 
Blood samples were drawn before the first feeding (following 
a 12-hour fast) and periodically thereafter to verify the 
steady state. Blood samples taken one hour after feeding 
were considered representative of the "fed" state. Total 
bile flow was measured for each time period, and aliquots of 
10 mL of bile were collected from each sample and stored at -
20°C until analysis. Bile that was collected previously from 
donor pigs was pumped into the duodenal catheters of 
treatment pigs at a rate approximately equal to the bile 
collection rate to maintain bile homeostasis. 
Blood (12 mL) was collected via the arterial catheter 
into a tube with disodium ethylenediaminetetraacetate (EDTA) 
as an anticoagulant. Plasma was separated by centrifugation. 
Density adjustment and ultracentrifugation were used to 
separate plasma into very-low-density lipoprotein (VLDL), 
LDL, and HDL fractions (Havel et al., 1955). Lipoprotein 
separation was verified by staining with the lipophilic, 
fluorescent dye 1,6-diphenyl-l,3,5-hexatriene (DPH), which 
can be visualized by using ultraviolet light (15 ^ L of a DPH-
saturated ethanol solution per mL plasma). Fractions were 
stored at -20°C until analysis. 
After the 48-hour collection period, pigs were killed by 
injection of 10 mL of a 5% solution of thiamylal sodium 
(Parke-Davis, Morris Plains, NJ) to induce anesthesia, which 
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was followed by exsanguination. Tissue samples from liver, 
heart, subcutaneous adipose tissues, and L^. dorsi were 
collected. All tissues were stored at -20°C until analysis. 
Analysis 
Total and free (unesterified) cholesterol concentrations 
in plasma and lipoprotein fractions were determined 
enzymatically in triplicate by the method of Omodeo Sale et 
al. (1984). 
Bile samples were analyzed for concentrations of 
cholesterol, bile acids, phospholipids, and weight percent of 
total bile fatty acids. Biliary cholesterol was quantified 
enzymatically in triplicate by the technique of Luhman et al. 
(1990) that uses pretreatment with bilirubin oxidase. 
Concentrations of total bile acids were determined 
enzymatically in triplicate (Green and Kellogg, 1987) by 
using 3a-hydroxysteroid dehydrogenase (HSD). Cholic acid was 
used as the standard. In this assay, the reaction of HSD 
with bile acids produces reducing equivalents that are 
transferred by the action of diaphorase to nitroblue 
tetrazolium, causing blue color formation in proportion to 
the concentration of bile acids present. Concentration of 
biliary phospholipids was determined enzymatically in 
triplicate by the method of Takayama et al. (1977), which 
detects choline-containing phospholipids. In bile. 
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phophatidylcholine comprises 95% of the phospholipids 
secreted (Kawamoto et al., 1980). Fatty acid analysis was 
performed on 0.1 mL of bile by using gas-liquid 
chromatography (Lepage and Roy, 1986). 
Liver, heart, Li. dorsi. and subcutaneous adipose tissues 
were ground in a meat grinder. Cholesterol assays were 
performed in duplicate on 100-mg samples of lyophilized 
tissue, using coprostanol as an internal standard, by the 
method of Oles et al. (1990). Total lipid was extracted from 
a 500-mg sample of lyophilized tissue in duplicate according 
to the technique of Bligh and Dyer (1959), evaporated to 
dryness, and quantified gravimetrically. Lipid extracts of 
liver samples were redissolved in chloroform. Thin-layer 
chromatography (TLC) (Silica Gel 10-40 micron, S-6503, Sigma 
Chemical Co., St. Louis, MO) was used to separate 
(hexaneiethylacetate, 1:3) the unesterified and the 
esterified cholesterol. The respective spots were scraped 
from the TLC plate, and cholesterol concentration was 
determined by gas-liquid chromatography (Oles et al., 1990). 
Feed analysis was conducted to verify diet composition, 
which initially was estimated by using published values 
(National Research Council, 1979). Gross energy of diets was 
determined by bomb calorimetry (Parr Oxygen Bomb Calorimeter, 
Model 1231, Parr Instrument Co., Inc., Moline, IL). Protein 
content was determined by the Kjeldahl method (N x 6.25). 
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Total fat content was determined gravimetrically after 
organic solvent extraction (Bligh and Dyer, 1959). Fatty 
acid composition and cholesterol content of the diet were 
determined by gas-liquid chromatography by the procedures of 
Lepage and Roy (1986) and Oles et al. (1990), respectively. 
Statistical analysis 
The general linear model (GLM) procedure (SAS Institute, 
1982) was used to compare effects of type and amount of fat 
and the interaction between them. Contrast and correlation 
analyses also were used to determine time and treatment 
differences and to correlate bile, lipoprotein, and tissue 
parameters. 
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RESULTS AMD DISCUSSION 
Results from the first six weeks of the feeding period 
have been reported previously (Knight, 1992) . Pigs grew 
normally and consumed all the feed that was presented to 
them, except during the seventh week, following surgery. 
During the seventh week, pigs were fed to appetite until they 
consumed their full alloted ration. At the end of the eight 
week pigs weighed an average of 44.3 kg, with no differences 
among the treatment groups. Knight (1992) reported that pigs 
fed T diets had increased plasma total, esterified, and free 
cholesterol when compared with pigs fed S diets. The 
increase was most evident in the HDL fraction. 
Table 4 contains the cholesterol concentrations of both 
the LDL and HDL from fed and fasted pigs after eight weeks on 
the treatment diets. After feeding, free cholesterol 
concentrations were increased in both the LDL and the HDL 
fractions. The most remarkable difference, however, was seen 
in the HDL-total cholesterol concentrations; HDL-total 
cholesterol was decreased in the T-fed pigs by 30%. This 
decrease brought the HDL-total cholesterol concentrations in 
pigs fed T down to the same concentration as in pigs fed S. 
No differences were noted in the LDL-total cholesterol 
concentrations between type or amount of dietary fat. We 
previously have reported similar findings for LDL-cholesterol 
concentrations after pigs consumed a meal similar to the 
Table 4. Lipoprotein-cholesterol concentrations in the fed and fasted states 
Diet^ J2,3,4 . 
Fraction State 2 OS 20T 4 OS 40T s EM 
LDL 
LDL 
free®'®'® 
free®'®»® 
Fasted 
Fed 
17.4 
20.7 
20.0 
19.4 
16.3^ 
21.2^ 
18.2^ 
22.3^ 
1.5 
1.5 
LDL 
LDL 
total 
total 
Fasted 
Fed 
66.3 
68.9 
70.5 
63.1 
65.7 
68.5 
68.7 
72.2 
3.8 
3.8 
HDL 
HDL 
f ,6,7,8,9,10 
f ,6,7,8,9,10 
Fasted 
Fed 
4.0 
5.2® 
2.9 
3.6®'^ 
4.0^ 
5.42'b 
0.4 
0l4 
HDL 
HDL 
total®'7'G,9,io 
total®'7'®'T° 
Fasted 
Fed 
26.83'b 
23.3 
34.2^'®'® 
23.7^ 
26.3C'd 
24.2 
34.o1'b'd 
25.3^ 
2.1 
2.1 
1Diets are defined in Table 1. 
^Mean values are least squared means, 10 pigs per treatment. 
^eans within rows having common superscript letters differ (P<0.05). 
'^Means in the same fraction, within a column, bearing different superscript 
numbers differ (P<0.05). 
®State effect (P<0.05). 
®State effect for S diets (P<0.05) 
^State effect for T diets (P<0.05) 
®Type of fat effect (P<0.05) 
®State effect for 40% diets (P<0.05) 
Instate effect for 20% diets (P<0.05) 
o\ 
vo 
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diets used in the current study (Luhman et al., 1992). The 
decrease in HDL-total cholesterol concentrations after 
feeding are in contrast to the results we published earlier. 
The major difference between the two studies was that the 
current study involved pigs fed cholesterol at about 1/2 the 
daily cholesterol intake of the previous study. 
Other authors have reported decreases in postprandial 
HDL-cholesterol concentrations. Fielding et al. (1989) 
suggested that in animals adapted to high fat diets an influx 
of cholesterol into the tissues and a net transfer of 
cholesteryl esters to VLDL and LDL from HDL occurs following 
a meal. They saw no differences in lecithin-cholesterol 
acyltransferase (LCAT) activity. In agreement, Cohn et al. 
(1988a) also found decreases in HDL-cholesteryl ester (HDL-
CE) concentrations after a meal. They suggested that 
movement of cholesteryl ester to VLDL and LDL, via 
cholesteryl ester transfer protein, plus tissue uptake would 
account for the decrease in HDL-cholesterol. They also 
demonstrated (Cohn et al., 1988b) a net increase in the 
catabolic rate of apoA-I during the postprandial period, 
which would be the result of increased tissue uptake of HDL. 
To cause this decrease, uptake of HDL must be increased 
considerably to overcome the increase in apoA-I secretion by 
the intestine that is associated with fat absorption. 
Ha et al. (1981) demonstrated that pigs lack cholesteryl 
71 
ester transfer protein and that exchange of cholesteryl ester 
from HDL to VLDL and LDL in pigs was minimal (less than 5% in 
4 hours). Magot (1988), however, has shown a transfer of 
HDL-CE to chylomicrons and VLDL-remnants that occurs in the 
postprandial state in the rat. The rat is similar to the pig 
in that cholesteryl ester transfer protein activity is very 
low or absent. In addition, as mentioned above, in the 
current study no change in LDL-total cholesterol was seen 
between the fed and fasted states; therefore, cholesterol 
influx into tissue and transfer to remnant particles must 
account for the decrease in HDL-total cholesterol. 
Free or total cholesterol concentrations in liver from 
pigs fed either amount of fat were not altered by dietary 
beef tallow or soy oil (Table 5). Other authors have shown 
increases in liver concentrations of cholesterol in animals 
fed polyunsaturated fats (Vaziri et al., 1988; Parks et al., 
1990); their studies, however, utilized diets relatively 
higher in cholesterol concentration. Diets in the current 
study contained only enough cholesterol to equalize all diets 
to the cholesterol content of the 40% T diet, which was equal 
to a 70-kg human consuming 460 mg of cholesterol per day. 
The 40% S diet did cause relatively greater 
concentrations of cholesterol in liver, which would be 
consistent with previous observations (Vaziri et al., 1988; 
Parks et al., 1990). Total lipid concentration in liver was 
Table 5. Tissue cholesterol concentration and percentage lipid 
Diet1'2'3 
Tissue 2 OS 20T 
Heart muscle 
Cholesterol 
(mg/g DM)"^ 4.52 4.87 
Lipid (wt.%) 11.37 11.24 
Liver 
Cholesterol 
Free (mg/g DM) 8.46 8.59 
Total (mg/g DM) 10.67 10.71 
Lipid (wt.%)'^ 11.33® 13.44®'° 
L. dorsi 
Cholesterol 
(mg/g DM)® 1.80® 1.97® 
Lipid (wt.%) 13.45 14.78 
Subcutaneous adipose 
Cholesterol 
(mg/g DM)® 0.63®'° 0.58° 
Lipid (wt.%) 84.29 84.29 
4 OS 
5.00 
11.55 
8.62 
11.52 
11.41' 
1.54®'b'G 
15.65 
0.53® 
83.63 
40T 
4.80 
10.42 
8.37 
10.81 
11.98 
1.94^ 
15.36 
0.48b'C 
83.38 
^Diets are defined in Table 1. 
%ean values are least squared means, 10 pigs per treatment. 
^eans within rows having common superscript letters differ (P<0.05). 
'*DM = Dry matter. 
^Type of fat effect (P<0.05). 
SEM 
0.12 
0.43 
0.45 
0.34 
0.63 
0.08 
1.39 
0.02 
0.42 
M 
Amount of fat effect (P<0.05) 
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greater in pigs fed the T diets; this increase is consistent 
with that seen by others (Baldner-Shank et al., 1987). 
Cholesterol concentration in muscle was increased by the T 
diets (Table 5), which is in contrast to the findings of 
several others (Walsh et al., 1983; Diersen-Schade et al., 
1986; Baldner-Shank et al., 1987), who found increased 
cholesterol concentrations in tissues of animals fed 
polyunsaturated fats. Results of this study again could be 
related to the relatively low cholesterol concentrations of 
the diets. With greater "physiological" concentrations of 
dietary cholesterol, there would be greater need to store 
excess cholesterol in tissues. Upregulation of the LDL 
receptor in these tissues by the polyunsaturated fatty acids 
in the diet (Spady and Woollett, 1990) would lead to an 
uptake of more cholesterol into tissues but also to 
inhibition of cholesterol synthesis. Without a major dietary 
cholesterol challenge, cholesterol evidently did not 
accumulate appreciably in the tissues. It is possible that 
the increase in cholesterol concentration in the muscles is a 
transient increase that exists only in the fed state, with 
the HDLremoving cholesterol during the fasting period via 
reverse cholesterol transport. 
The quantity of fat fed influenced the cholesterol 
concentration in the subcutaneous adipose tissue, whereby 
pigs fed 20% diets had greater cholesterol storage than did 
74 
pigs fed 40% diets. Pigs fed 40% diets received twice as 
much energy from fat as did pigs fed 20% diets. Therefore, 
pigs fed 20% diets received more of their total energy intake 
from carbohydrates. Increasing dietary carbohydrate would 
increase plasma insulin concentrations. Insulin stimulates 
cholesterol synthesis (Sabine, 1977) and may increase 
cholesterol concentration in adipose tissue, which is highly 
responsive to insulin. Furthermore, the total lipid content 
of adipose tissue was not affected by amount of fat in the 
diet and a correlation done between lipid and cholesterol 
contents revealed no relationship (P > 0.1). 
Fatty acid composition of the diets influences fatty 
acid composition of biliary phospholipids (Balasubramaniam et 
al., 1985; Luhman, 1990). In addition, Luhman (1990) 
demonstrated changes in liver membrane fatty acid composition 
with changes in dietary fatty acids. Coleman and Rahman 
(1992) suggested that more dietary polyunsaturated fatty 
acids will result in increases in polyunsaturated fatty acids 
in liver phospholipids. These highly unsaturated 
phospholipids would cause transient changes in fluidity in 
microdomains of the hepatic membrane. This increase in 
fluidity in turn would allow the bile acids to more easily 
"pull" the phospholipids into the bile. Moreover, the 
phospholipid-bile acid interaction also will pull cholesterol 
into the bile. 
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Fatty acid composition of bile was influenced by dietary 
fatty acid composition in the current study as shown in Table 
6. In terms of weight percentages, myristic acid was 
secreted into the bile at less than 10% of the weight 
percentage of myristic acid in the diet. The higher fat 
diets caused secretion of significantly less myristic acid 
than did the low fat diets. This effect could be the result 
of increased dietary fat depressing de novo synthesis of 
fatty acids and of the dietary 14-carbon fatty acid being 
elongated to the 16- and 18-carbon fatty acids. 
Percentages of palmitic and palmitoleic acids in bile of 
pigs fed S was greater than in the diet and approached the 
percentages seen in bile of pigs fed T. This increase in 
percentage of palmitate is consistent with the work of others 
that has shown that biliary phospholipid synthesis 
preferentially uses palmitic acid (van Berge Henegouwen et 
al., 1987). 
Stearic acid weight percentage was greater in biliary 
lipids of pigs fed S. This effect is quite likely the result 
of an inhibition of the desaturase by the polyunsaturated 
fatty acids. The activity of the desaturase enzyme is 
increased by saturated fatty acids (Enser and Roberts, 1982) 
and decreased by polyunsaturated fatty acids (Jeffcoat et 
al., 1979). Stearic acid also was increased in the bile by 
the greater quantity of fat in the 40% diets. 
Table 6. Fatty acid composition of bile 
Dietl'2'3 
Fattv acid 20S 20T 40S 40T SEM 
Myristic^'® 0.16® 0.24®'b,G 
wt -— -
O.llb'd O.l^G'd 0.02 
Palmitic^'® 25.67® 27.27b 22.38®'b,G 26.49® 0.71 
Palmitoleic* 1.41®'b 3.08®'° 1.12°'^ 2.45b'd 0.23 
Heptadecanoic 0.46 0.59 0.50 0.51 0.05 
Stearic^'® 10.30® 8.58®'b 11.48^)0 9.60® 0.46 
Oleic^'® 16.56®'b,G 29.79®'d 13.54b'd,G 24.39®'*^'® 1.03 
Linoleic^'S 34.57®'b,G 20.50®'d'G 41.07^:4,f 25.75®'®'^ 1.29 
Linolenic 0.83 <0.10 1.05 <0.10 0.23 
Arachidonic 10.35 10.01 8.89 10.34 0.66 
^Diets are defined in Table 1. 
%ean values are least squared means, 10 pigs per treatment. 
%eans within rows having common superscript letters differ (P<0.05). 
^Type of fat effect (P<0.05) 
^Amount of fat effect (P<0.05) 
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Oleic acid secretion in biliary lipids was increased in 
pigs fed 20% over those fed 40% and in pigs fed T over those 
fed S. As a weight percentage, there was less oleic acid 
secreted into bile than was present in the diets. This 
percentage of oleic acid in the bile is consistent with the 
12% oleic acid in biliary phospholipids of healthy humans as 
reported by van Berge Henegouwen et al. (1987). The low fat 
diets may incorporate a greater percentage of oleic acid than 
the high fat diets because there is less total fat available, 
and thus fewer molecules of other fatty acids are available 
to substitute for oleic acid. In addition, the greater shift 
away from oleic acid that occurred in biliary lipids of pigs 
fed polyunsaturated fatty acids may reflect an inhibition of 
desaturase activity (Enser and Roberts, 1982). Diets richer 
in saturated fatty acids allow for a relative increase in 
desaturase activity and thus an increase in the relative 
amount of oleic acid available. 
Linoleic acid secretion into biliary lipids was greater 
for pigs fed greater quantities of fat and for pigs fed the S 
diets. Linoleic acid normally is secreted at about 32% of 
the total phospholipid fatty acids in bile (van Berge 
Henegouwen et al., 1987); thus, the diets supplying greater 
quantities of fat would allow for an increased availability 
of linoleic acid for phospholipid synthesis. This same 
concept is true for the type of fat; that is, more linoleic 
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acid was available for incorporation into biliary 
phospholipids of pigs fed the S diets. The pigs fed T diets 
had increased secretion of linoleic acid into biliary lipids 
over the weight percentage in the diets, which is indicative 
of a selective incorporation of linoleic into biliary 
phospholipids. 
Linolenic acid was secreted at low percentages in the 
bile as compared with that in the diets; most likely, this 
observation is the result of use of the essential fatty acid 
for other metabolic purposes. 
Arachidonate secretion was not affected by quantity or 
quality of dietary fat. Secretion across diets averaged 10% 
of the total fatty acids, which is similar to that reported 
by van Berge Henegouwen and coworkers (1987). This 
percentage is much greater than the percentage of arachidonic 
acid in the diets, which is again indicative of the 
selectivity of biliary phospholipids for certain fatty acids. 
Overall, the biliary lipids were greater in percentages 
of palmitic, linoleic, and arachidonic acids than were the 
diets. These changes came about mainly at the expense of 
oleic acid. The extreme fatty acid compositions in the diets 
tended to be moderated toward the mean in the bile, 
regardless of the fatty acid. The polyunsaturated fatty 
acids in the diet do establish biliary lipid fatty acid 
profiles that are consistent with the fluidity theory. Bile 
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from the pigs fed the S diets averaged 48 weight percentage 
polyunsaturated fatty acids. Both the diets high in linoleic 
acid and higher in total fat resulted in greater amounts of 
linoleic acid in biliary lipids. These results suggest 
linoleic acid is favored in phospholipid biosynthesis, and 
phospholipids containing linoleic acid are more easily pulled 
away from the hepatic membrane than are the more highly 
saturated phospholipids. 
A correlation analysis was conducted that compared 
biliary bile acid, phospholipid, and cholesterol 
concentrations with the percentages of the fatty acids in the 
bile. The concentration of cholesterol in the bile was 
correlated negatively (r = -0.33, P<0.04) with the percentage 
oleic acid in the bile. The concentration of biliary 
cholesterol tended to be positively correlated with the 
percentage linoleic acid in the bile (r = 0.30, P<0.06). No 
other correlations of biliary sterols with biliary fatty 
acids approached significance, including total bile secretion 
and total cholesterol secretion during the 48 hours (after 
adjustment for body weight). 
These differences in biliary fatty acid composition did 
not lead to significant changes in other biliary lipid 
parameters (Table 7). Pigs fed higher fat diets had an 
average of 32% (P<0.07) more phospholipid in their bile than 
did pigs fed low fat diets, whereas bile acid concentration 
Table 7. Effect of dietary fat quantity and quality on bile parameters 
Dietl'2'3 
Parameter 20S 20T 40S 40T SEM 
Bile flow 
(mL/hr kg BW) 
Bile acid 
(mmol/L) 
(inmol/48 hr'kg BW) 
Cholesterol 
(mmol/L) ^ 
(mmol/48 hr'kg BW) 
Phospholipid 
(mmol/L) 
(mmol/48 hr'kg BW) 
2.21 
57.32 
59.80 
0.70 
0.73 
3.55 
3.81 
2.17 
60.93 
60.47 
0.61*'b 
0.63®'° 
3.26 
4.93 
2.44 
52.90 
61.08 
a 0.78 
0.89® 
4.37 
3.68 
2.45 
52.69 
61.65 
0.77" 
0.91* 
4.58 
5.43 
0.16 
3.30 
2.96 
0.05 
0.07 
0.57 
0.78 00 o 
'Diets are defined in Table 1. 
^Mean values are least squared means, 10 pigs per treatment. 
%eans within rows having common superscript letters differ (P<0.05). 
'^Amount of fat effect (P<0.05) 
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tended to be less for pigs fed high fat diets (P<0.09). A 
greater quantity of dietary fat did increase cholesterol 
concentration in bile and cholesterol excretion in the 48-
hour collection period. Boquillon and Clement (1979) found 
an increase in both phospholipid and cholesterol secretion in 
rats fed diets richer in fat. This same report stated that 
rats fed corn oil increased phospholipid and cholesterol in 
bile over rats fed lard or mutton. In agreement with the 
current study, earlier work from our laboratory (Luhman, 
1990) has shown that dietary fat source did not influence 
bile flow rate or concentrations of total bile acids, 
cholesterol, or phospholipids in bile. A greater quantity of 
dietary fat did tend to increase cholesterol and phospholipid 
concentration in bile in that study. These results are in 
agreement with Ballesta et al. (1991), who fed miniature pigs 
lard, olive oil, or sunflower oil and saw no differences in 
biliary cholesterol or bile acid concentrations. They did, 
however, demonstrate an increase in phospholipids in bile of 
pigs fed lard. Chautan et al. (1990) also saw no change in 
bile flow or composition in rats fed corn oil when compared 
with bile flow of rats fed rat chow. 
In the current study, pigs fed high fat diets secreted 
more cholesterol in bile than did pigs fed low fat diets. 
Biliary fatty acid composition was correlated with bile 
cholesterol concentrations, suggestive of an interaction 
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between degree of unsaturation in phospholipids and bile 
cholesterol secretion. However, biliary cholesterol, 
phospholipid, and bile acid concentrations were not 
significantly altered by type of dietary fat. 
High-density lipoprotein-cholesteryl ester in plasma of 
pigs fed T diets decreased after consumption of a meal. No 
change was seen in the pigs fed S diets. The T diets also 
increased cholesterol concentration in the muscle, which 
would be in agreement with increased tissue uptake of HDL-CE 
after a meal. The tissues then may release the cholesterol 
back to the HDL, which would account for the greater 
cholesterol concentration in samples from fasted pigs. 
Zsigmond et al. (1990) have demonstrated uptake of 
cholesteryl esters from HDL to adipocytes that was 3 to 10 
times greater than the net uptake of apolipoprotein from HDL, 
regardless of type of dietary fat fed. Thus, the long-chain 
saturated fatty acids, palmitic and stearic acids, present in 
the diets of pigs fed beef tallow may enhance the role of 
reverse cholesterol transport. This enhancement of reverse 
cholesterol transport could account for the failure of beef 
tallow diets, with a low polyunsaturated to saturated fatty 
acid ratio, to significantly increase LDL-cholesterol 
concentrations in plasma in the pig model. 
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AMOUNT BUT NOT TYPE OF DIETARY FAT INCREASES 
SECRETION OF LOW-DENSITY LIPOPROTEIN-
CHOLESTERYL ESTERS AS BILIARY CHOLESTEROL. 
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ABSTRACT 
To test the hypothesis that polyunsaturated dietary 
fatty acids lower low-density lipoprotein (LDL)-total 
cholesterol concentrations by redistribution of LDL-total 
cholesterol to tissues and bile, LDL-cholesteryl ester (LDL-
CE) kinetics were studied in growing pigs as a model for 
humans. A 2 X 2 factorial arrangement included two amounts 
of fat [20% of energy from fat (20%) and 40% of energy from 
fat (40%)] and two major sources of fat [beef tallow (T) and 
soy oil (S)]. The diets were fed for a total of 8 weeks and 
contained polyunsaturated-to-saturated fatty acid ratios of 
approximately 0.35 for the T diets and 2.05 for the S diets. 
The 40% diets caused a greater production of (LDL-CE), 
greater flow between pools of LDL-CE, and a greater 
fractional catabolic rate (FCR) for LDL-CE. The T diets 
caused a greater flow between pools than did the S diets. A 
significant type-by-amount interaction was seen for the FCR— 
the 40% S diets caused the greatest FCR and the 20% S diets 
the least. No effects of type or amount of dietary fat were 
seen on pool sizes of LDL-CE. Effects of dietary fat on 
tissue retention of labeled LDL-CE were variable. Percentage 
of cholesterol derived from LDL-CE in heart muscle was 
greater in pigs fed 20% diets, whereas that in Lj. dorsi was 
greater in pigs fed 40% diets. Pigs fed S diets had a 
greater retention of cholesterol from LDL-CE in L^ dorsi than 
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pigs fed T diets. LDL-CE was secreted into bile as biliary 
cholesterol at a greater rate for the pigs fed 40% diets. No 
differences were caused by type of fat in appearance of LDL-
CE as biliary cholesterol. Neither type nor amount of fat 
caused any differences in secretion of labeled cholesteryl 
esters into bile as bile acids. In conclusion, soy oil diets 
increased deposition of cholesterol from LDL-CE in dorsi. 
but type of dietary fat had little effect on LDL-CE kinetics 
or appearance in bile as bile acids or biliary cholesterol. 
Higher amounts of dietary fat caused greater production rates 
and FCR of LDL-CE and caused greater secretion of LDL-CE into 
bile as biliary cholesterol. Thus, amount of dietary fat had 
a greater impact on in vivo metabolism of LDL-CE than did 
type of dietary fat. 
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INTRODUCTION 
The contribution of dietary fat to atherosclerosis and 
coronary heart disease has been the topic of much research 
(Grundy and Denke, 1990). Currently, the accepted theory 
states that elevated low-density lipoprotein (LDL) 
cholesterol concentrations contribute to cardiovascular 
disease and elevated high-density lipoprotein (HDL) are 
protective against the disease (Stamler et al. 1986). 
Clinical and epidemiological studies have shown that dietary 
fats high in polyunsaturated fatty acids decrease LDL-
cholesterol concentrations, whereas dietary fats high in 
saturated fatty acids increase LDL-cholesterol concentrations 
(Posner et al., 1991). 
Understanding the mechanisms of dietary fat effects on 
cholesterol metabolism is central to understanding 
cardiovascular disease and to making dietary recommendations 
for treatment and prevention. Reports on these mechanisms, 
however, are often conflicting (McNamara, 1987). Studies of 
fat effects on biliary excretion of sterols have shown mixed 
results. Chanussot et al. (1988) reported no difference in 
biliary excretion because of saturated or polyunsaturated fat 
diets fed to rats. On the other hand, Ramesha et al. (1980) 
found increased secretion of cholesterol and bile acids in 
rats fed safflower oil over that in rats fed more saturated 
fats. Most studies of iji vivo kinetics of metabolism of LDL, 
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however, show an increase in LDL fractional catabolic rate 
with increased polyunsaturated fats in the diet (Spady and 
Dietschy, 1988; Portman et al., 1976). The current study was 
undertaken to clarify these mechanisms with regard to 
clearance of LDL-CE from the plasma and entry into the 
tissues and bile. The pig was chosen as a model because of 
its similarity to the human in terms of the digestive system 
(Diersen-Schade et al., 1985) and lipoprotein profiles 
(Mahley et al., 1975). 
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MATERIALS AMD METHODS 
Animals 
Forty crossbred, castrated male pigs, approximately 12 
kg in body weight, were assigned randomly to the four test 
diets. Beef tallow and soy oil were fed at two different 
concentrations in a completely randomized (2X2 factorial) 
design. Pigs were housed in an environmentally controlled 
facility in individual pens. Water was available ad libitum 
from automatic nipple waterers. Pigs were weighed weekly, 
and feed intake was adjusted to 95% of recommended energy 
intake (National Research Council, 1988). 
Diets 
Dietary ingredients and compositional analysis of diets 
are presented in Paper I of this dissertation. 
Surgical modification 
During week 6, each pig was fitted with a bile duct 
catheter and duodenal catheter as described by Faidley et al. 
(1991). Post-surgical care was conducted as described in 
Paper I of this dissertation. 
Preparation of labeled LDL 
During week 7, 120 mL of blood were collected from each 
pig via the arterial catheter. After collection, blood was 
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centrifugea to separate plasma. An aliquot of 60 mL of 
plasma was separated by density gradient ultracentrifugation 
into lipoprotein fractions. The LDL fraction was dialyzed 
against 0.15 M NaCl (pH 7.0) for 12 hours, and the 
cholesteryl ester moieties of the lipoproteins were labeled 
according to the procedure by Ha et al. (1981). Briefly, the 
labeling procedure was conducted as follows; The LDL 
fraction was brought up to 55 mL with fresh autologous 
plasma, 9.25 kBq of ®H-cholesterol were added, and the 
mixture was incubated at 37°C in a shaking water bath for 24 
hours. This procedure allows for the lipoproteins to be 
labeled in the cholesteryl ester moiety by the action of 
intrinsic lecthin-cholesterol acyltransferase (LCAT; Knipping 
et al., 1986). After the 24-hour incubation, lipoproteins 
were washed three times with three volumes of fresh porcine 
red blood cells to absorb the remaining ^H-cholesterol. 
After the final red cell rinse, lipoproteins were density 
adjusted and subjected to a final ultracentrifugation to 
collect only the lipoproteins of interest. Labeled 
lipoproteins again were dialyzed against 0.15 M NaCl, passed 
through a 0.22 fxm filter, and held at 4°C until injection 
into the pig. Just before injection, an aliquot of each 
labeled lipoprotein solution was frozen at -80°C for later 
analysis. 
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Sample collection 
At the end of week 8, pigs were fed every four hours to 
establish and maintain a "fed" steady state. The labeled 
LDL-CE were injected into pigs via the femoral arterial 
catheter. An injection of 60 mL of previously collected 
whole blood from the same pig followed to insure that all 
labeled LDL-CE had entered the aorta. 
Collection of bile, blood, and tissue samples was 
conducted as described in Paper I of this dissertation. 
Analysis 
A 0.1-mL aliquot of each labeled LDL-CE preparation that 
was injected into the pigs was counted by liquid 
scintillation counting. An additional 0.5 mL-aliquot of each 
preparation was extracted (Bligh and Dyer, 1955) in 
duplicate, and thin-layer chromatography (TLC) (Silica Gel, 
S-6503, Sigma Chemical Co., St. Louis, MO) was used to 
separate (hexanezethylacetate, 3:1) unesterified and 
esterified cholesterol. The respective spots were scraped 
from the TLC plates directly into scintillation fluid and 
counted. An average of 87% was recovered as cholesterol, 
with 85% of the label as cholesteryl ester. These recoveries 
were used to correct the calculations of lipoprotein 
radioactivity. 
Total and free (unesterified) cholesterol concentrations 
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in plasma and lipoprotein fractions were determined 
enzymatically by the method of Omodeo Sale et al. (1984). 
Radioactivity in the free and esterified cholesterol moieties 
was determined for each lipoprotein sample. A 0.5-mL aliquot 
of each sample was extracted in duplicate, and TLC was used 
to separate cholesterol and cholesteryl esters. The spots 
for each were scraped directly into scintillation fluid and 
counted. 
Bile samples were analyzed for concentrations of 
cholesterol and bile acids as described in Paper I of this 
dissertation. 
The extraction method of Bligh and Dyer (1959) was used 
to separate a 1-mL aliquot of bile into aqueous (containing 
bile acid) and organic (containing cholesterol) fractions by 
using chloroform;methanol :water (1.0:2.0:0.8) as the 
extraction solvent. Recoveries were verified by adding both 
^H-cholesterol and ^^C-cholic acid to nonradioactive bile 
samples, extracting each sample, and measuring radioactivity 
in the aqueous and organic phases by using dual-label liquid 
scintillation counting techniques. By using this procedure, 
97% of the ®H-cholesterol was recovered in the organic phase 
and 96% of the ^"^C-cholic acid was recovered in the aqueous 
phase. Total radioactivity in the organic phase of samples 
taken from pigs on treatment was determined after evaporating 
to dryness and redissolving in scintillation cocktail (Ready 
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Solv EP, Beckman Instruments, Inc., Fullerton, CA). The 
aqueous phase was evaporated to dryness, dissolved in 0.5 mL 
of isopropanol and 0.5 mL of 30% hydrogen peroxide, and held 
under an incandescent lamp for 24 hours to remove color 
quench. The samples then were evaporated to dryness and 
resuspended in 0.1 mL of water. After resuspension, 
scintillation cocktail was added and the samples were 
counted. 
Liver, heart, Lonaissimus dorsi. and subcutaneous 
adipose tissues were ground in a meat grinder. Cholesterol 
assays were performed on 100-mg samples of lyophilized 
tissue, using coprostanol as an internal standard, by the 
method of Oles et al. (1990). A 500-mg sample of lyophilized 
tissue was extracted according to the technique of Bligh and 
Dyer (1959). The organic phase was evaporated to dryness and 
redissolved in scintillation cocktail. An additional sample 
of liver tissue was extracted, and TLC was used to separate 
the free and the esterified cholesterol. The respective 
spots were scraped from the TLC plate, cholesterol 
concentration was determined by gas-liquid chromatography 
(Oles et al., 1990), and radioactivity was measured by liquid 
scintillation counting. 
Feed analysis was conducted as described in Paper I of 
this dissertation. 
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Statistical analysis 
The general linear model (GLM) procedure (SAS Institute, 
1982) was used to compare effects of type and amount of fat 
and to determine the interaction between them as described in 
Paper I of this dissertation. 
Model selection 
The model used to describe the disappearance of labeled 
LDL-CE from plasma was patterned after the two-pool model of 
Mathews (1957). This model assumes that the cholesteryl 
ester moiety of the lipoprotein particles behaves kinetically 
as if the lipoproteins were homogenous and that plasma 
cholesteryl ester exchanges with an extraplasma pool. 
Lipoprotein classes themselves are heterogenous and may have 
different metabolic fates (Foster et al., 1986). Luc and 
Chapman (1988) measured apoB kinetics of two subfractions of 
LDL and found no differences in kinetic behavior, suggesting 
that the two-pool model is sufficient. Characterization of a 
more complete pig model similar to the human model of 
Schwartz et al. (1978) or the rat model of Magot (1988) is 
desirable but would require more extensive labeling of free 
cholesterol pools and cholesterol synthesis pools. Although 
a more complex model may provide more information, 
description of data by the simplest model fitting that data 
is desirable (Herman, 1979). The kinetics of cholesteryl 
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ester disappearance were determined by using the Simulation 
Analysis and Modeling program (SAAM) (Berman and Weiss, 
1974). The program uses a least square fit of the two-pool 
model and calculated pool sizes, fractional flow rates, and 
flow rates. 
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RESULTS 
Kinetics of disappearance of LDL-CE from plasma 
Living organisms can be thought of as a complex 
interaction of kinetic processes. Often samples are taken at 
a single time point. Analysis of single time point samples 
gives a sense of what is occurring at that point in time, but 
not much information is received on the dynamics of the 
processes. If samples are collected at several time points, 
the resulting data can be described in terms of differential 
equations. Solving the differential equations leads to 
characterization of the kinetic processes. 
The information extracted from the data in the current 
study includes pool sizes,flow rates, and fractional flow 
rates. Pool sizes and flow rates were adjusted for body 
weight by reporting the data on a per kilogram basis (Table 
1). Pool sizes of LDL-CE were not affected by type or amount 
of dietary fat; however, flow between pools was greater in 
pigs fed 40% diets than in pigs fed 20% diets. Both type and 
amount of fat affected the rate constants (fractional flow 
rates) to the plasma pool from the extraplasma pool, with the 
40% diets and the T diets causing a greater fractional flow 
than did the 20% and the S diets. In the steady state, flow 
into and out of the system is constant; therefore, production 
rate must equal catabolic rate. High fat diets increased the 
LDL-CE production rate, but the production rate of LDL-CE was 
Table 1. Kinetic parameters of LDL-CE disappearance from plasma 
Parameter 2 OS 20T 40S 40T SEM 
LDL 
Plasma pool (mg/kg BW) 23.93 
Extraplasma pool 
(mg/kg BW) 
Between pool flow rate 
7.31 
(mg/hrkg BW)^ 5.49' 
Fractional flow rates 
Plasma to extraplasma 
Chr-1) 0.23® 
Extraplasma to plasma 
(hr"b® 0.74® 
Production rate 
(mg/hr- kg BW)'* 1.29® 
Fractional catabolic rate 
fhr'll^'G 0.054® 
21.57 
7.63 
8.38 
0.48 
1.56 
1.27' 
0.060 
23.21 
7.03 
10.04 
0.44 
1.67 
0.069® 
25.23 
10.14 
1.55®»'' 1.50 
1.34 
1.60 
14.71® 2.28 
0.61® 0.09 
M 
2.51® 0.37 ° 
0.09 
0.062 0.003 
^Abbr.: 20% and 40% = amount of energy in diet from fat, T = tallow, S = soy oil. 
^Mean values are least squared means, 10 pigs per treatment. 
%eans within rows having common superscript letters differ (P<0.05). 
'^Amount of fat effect (P<0.05). 
'Type of fat effect (P<0.05). 
®Type-by-amount interaction (P<0.05). 
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not altered by type of dietary fat. 
Fractional catabolic rate (FCR), however, was not 
affected by type of dietary fat. Fractional catabolic rate 
of LDL-CE was greater with higher amounts of dietary fat. No 
difference was seen by type of dietary fat; however, there 
was a significant type-by-amount interaction for LDL-CE FCR. 
Pigs fed 20% S diets had the lowest FCR for LDL-CE, whereas 
pigs fed 40% S had the highest FCR. 
Appearance of LDL-CE in tissues 
Retention in tissues of cholesterol and cholesteryl 
esters from LDL-CE is shown in Table 2. The data are 
expressed as a percentage of initial dose of labeled LDL-CE 
per 100 grams of tissue. This method of expression 
normalizes the data across pigs and directly measures tissue 
retention of labeled cholesterol. Combined cholesterol and 
cholesteryl ester retained in liver averaged 10.9% of the 
initial dose per 100 grams of tissue. There were no 
differences in liver retention of free or esterified 
cholesterol from LDL-CE as caused by type or amount of 
dietary fat. 
Retention of LDL-CE-derived cholesterol in liver was 
much greater than in any of the other tissues measured. 
Heart muscle, Lonaisssimus dorsi muscle, and subcutaneous 
adipose tissue retained 0.81, 0.29, and 0.12% of the initial 
Table 2. Retention of labeled cholesterol from LDL-CE bv tissues 
Tissue 20S 
Dietl'2,3 
20T 4 OS APT SEM 
Liver 
Free cholesterol 
(% dose/lOOg DM) 
Cholesteryl ester 
(% dose/lOOg DM) 
Heart muscle^ 
(% dose/lOOg DM) 
L. dorsi' 
Subcutaneous adipose* 
(% dose/lOOg DM) 
8.23 
2.65 
0.77 
(% dose/lOOg DM)®'® 0.32' 
0.12 
9.15 
2.83 
0.81 
0^17a,b 
0.13 
7.44 
2.50 
0.79 
0.42 b,c 
0.10 
8.62 
2.89 
0.85 
0.24' 
0.12 
0 . 8 0  
0.27 
0.05 
0.04 
H" 
O 
0.01 w 
'Diets are defined in Table 1. 
^Mean values are least squared means, 10 pigs per treatment. 
%eans within rows having common superscript letters differ (P<0.05) 
%eans are combined cholesterol and cholesteryl esters. 
®Type of fat effect (P<0.05). 
® Amount of fat effect (P<0.05). 
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dose per 100 gram, respectively. Type and amount of fat 
caused no differences•in accumulation of cholesterol in the 
heart from LDL-CE. Type of dietary fat did influence uptake 
of LDL-CE by the Iw. dorsi muscle. Pigs fed S diets had 
greater (P < 0.05) uptake than pigs fed T diets. In 
addition, the 40% diets increased the percentage of initial 
dose of LDL-CE retained in the Ljs. dorsi muscle. Subcutaneous 
adipose tissue uptake of LDL-CE was not affected by type or 
amount of dietary fat. 
Appearance of LDL-CE in bile 
Of the LDL-CE initial dose, 6.7% appeared in the bile as 
biliary cholesterol within 48 hours (Table 3). Over both 
amounts of fat, pigs fed the S diets secreted 10% more of the 
LDL-CE initial dose into bile as biliary cholesterol than did 
pigs fed the T diets (P = 0.1). The 40% S diet caused pigs 
to secrete a greater amount of cholesterol from LDL-CE than 
any other diet. Pigs fed the high fat diets also secreted 
more cholesterol from LDL-CE into bile as biliary cholesterol 
than did those fed low fat diets. Bile acid secretion was 
not affected by type or amount of fat. Of the initial dose 
of LDL-CE, an average of 14.9% was secreted as bile acids. 
Table 3. Appearance of label from LDL-CE in bile 
Diet1'2'3 
Parameter 20S 20T 40S 40T SEM 
Bile acids 
% dose/48 hr 
% dose/mol bile acids 
Biliary cholesterol 
% dose/48 hr^ 
% dose/mmol cholesterol 
13.00 
5.53 
5.81® 
1.83 
14.51 
5.44 
5.71° 
2.13® 
15.82 
5.58 
8.94®'b,G 
1.90 
16.48 
6.63 
6.85® 
1.58® 
1.98 
0.84 
0.58 
0.16 
^Diets are defined in Table 1. 
%ean values are least squared means, 10 pigs per treatment. 
^eans within rows having common superscript letters differ (P<0.05). 
^Amount of fat effect (P<0.05). 
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DISCUSSION 
Free cholesterol•readily exchanges between lipoproteins 
and with the liver (Schwartz et al., 1978). Therefore, 
studies in which free cholesterol in lipoproteins has been 
labeled cannot be used meaningfully to follow the fate of 
lipoprotein cholesterol through the liver into the bile. On 
the other hand, cholesteryl ester transfer protein activity 
is absent in the pig (Ha et al., 1981). As a result, 
cholesteryl esters do not exchange with other lipoproteins 
and the pig becomes a suitable model with which to study 
tissue deposition and biliary disposition of lipoprotein 
cholesterol. 
In agreement with Goldberg et al. (1991) who modeled 
cholesteryl ester metabolism in rabbits, disappearance of 
LDL-CE from plasma was best fit by a biexponential equation. 
As with the data in the current study, the data collected by 
Goldberg and coworkers required an extraplasma exchange pool 
for LDL-CE. 
Bhattacharya et al. (1986) reported FCR of LDL-CE in 
rats ranging from 0.12 to 0.23/hour, which are somewhat 
higher than in the pigs in the current study (Table 1). 
Total cholesteryl ester FCR in rat plasma was reported to be 
0.3/hour by Magot et al. (1987), Fernandez et al. (1992) 
found FCR of LDL apoB in guinea pigs to be 0.08 to 0.12/hour, 
which are similar to rates seen in the current study for LDL-
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CE. Sniderman et al. (1975) and Johnson et al. (1989) 
measured LDL-apoB turnover in pigs and found FCR ranging from 
0.02 to 0.08/hour. These data are in close agreement with 
the LDL-CE fractional catabolic rates in the current study, 
suggesting that the loss of LDL-CE and LDL apoB are 
kinetically similar. This finding would agree with the 
current theory concerning LDL metabolism that holds that LDL 
particles are taken up and catabolized as a whole particle. 
Furthermore, Goldberg et al. (1991) attempted to model a 
particle-independent pathway for clearance of LDL-CE and 
found no evidence for its existence. Sniderman and coworkers 
reported extraplasma LDL pools as being 20-30% of the size of 
the plasma pool, which is slightly less than the 35% seen in 
the current study. This difference could be the result of a 
difference in the kinetics of the different moieties or 
differences in diets fed to the experimental animals. 
The increased fractional flow rates of LDL-CE between 
pools caused by the T diets (Table 1) is consistent with 
reports from others that show altered LDL metabolism with 
different dietary fats (Turner et al., 1981; Cortese et al., 
1983). In contrast with studies done on apoB metabolism in 
which apoB FCR was increased with increased dietary 
polyunsaturated fatty acids (Shepard et al., 1980; Fernandez 
et al., 1992), in the current study no differences in FCR of 
LDL-CE between types of dietary fat were seen. In addition. 
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results of the current study are in agreement with those of 
Walsh Hentges et al. (1985) in which feeding diets containing 
beef tallow to pigs increased flux rates between pools, but 
caused no differences in FCR when compared to soy oil 
feeding. Walsh Hentges and coworkers reported LDL-protein 
FCR of 0.06 to 0.14, which are in close agreement to FCR for 
LDL-CE in the current study. 
Knight (1992) reported increases in concentrations of 
LDL-CE over the initial 6 weeks of the current study. This 
increase in cholesteryl ester concentration changes the 
composition of the LDL particle and may change the kinetic 
behavior. A difference in FCR as caused by LDL composition 
was reported by Fernandez et al. (1992) when they injected 
LDL from corn oil- or lard-fed guinea pigs into chow-fed 
guinea pigs. The guinea pigs fed corn oil had smaller LDL 
that had a significantly higher FCR. In the current study, 
greater amounts of dietary fat increased FCR and LDL-CE 
production rates and clearance of LDL-CE into bile was 
increased with diets high in polyunsaturated fatty acids. 
The increase in LDL-CE production rate associated with 
the 40% diets is the result of an increase in very low-
density lipoprotein (VLDL) conversion to LDL (Grundy and 
Denke, 1990) and/or an increase in LCAT esterification of 
free cholesterol in the LDL. Knipping et al. (1986) has 
demonstrated that LDL-cholesterol in pig plasma is esterified 
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at 36-42% of the rate of esterification of cholesterol in 
HDL. Knight (1992), using the same pigs as used in the 
current study, showed that LCAT activity in plasma of pigs 
fed 40% was increased by 18% over that of pigs fed the 20% 
diets. Knight also reported that VLDL- and LDL- protein 
concentrations were not different for the different amounts 
of fat fed. Lack of difference in protein concentrations 
would be indicative of a failure of increased dietary fat to 
increase hepatic VLDL production and subsequent conversion to 
LDL. It would be possible, however, for VLDL-remnant uptake 
(prior to conversion to LDL) to be decreased by the high fat 
diets. This decrease in remnant uptake then would result in 
an increase in LDL-CE production rate (Grundy and Denke, 
1990). Stacpoole et al. (1991) reported a decrease in 
cholesterol synthesis and an increase in FCR with low fat 
diets in humans. Their low fat diets did not change apoB 
synthesis but did decrease LDL-cholesterol concentrations in 
plasma and increase apoB loss as VLDL. The two studies 
differ in that FCR in the current study were greater for the 
high fat diets. 
The results in the present experiment regarding tissue 
uptake of labeled cholesteryl esters from LDL are variable 
(Table 2). Data collected were obtained from the tissues at 
the end of the 48-hour kinetic experiment. Thus, they 
represent a single, static time point in a dynamic system. 
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Some researchers have found increases in liver cholesterol 
concentrations with polyunsaturated dietary fats over those 
for saturated dietary fats (Vaziri et al., 1988; Lin et al., 
1992). Others (Walsh et al., 1983; Diersen-Schade et al., 
1986; Luhman, 1990) found no differences in liver cholesterol 
accumulation, which is in agreement with the current study. 
Contribution of LDL-CE to liver free or esterified 
cholesterol was not changed by type or amount of dietary fat. 
In the Li. dorsi. muscle uptake of cholesterol from LDL-
CE in pigs fed S diets was greater than uptake in pigs fed T 
diets. This is in agreement with other authors (Vaziri et 
al., 1988; Diersen-Schade et al., 1986; Walsh et al., 1983). 
This result is most likely caused by up-regulation of the LDL 
receptor by polyunsaturated dietary fats (Woollett et al., 
1992). A greater amount of dietary fat also stimulated 
uptake of LDL-CE into the dorsi muscle. 
In the current study no effects of type or amount of 
dietary fat on uptake of cholesterol from LDL-CE were found 
in subcutaneous adipose tissue when expressed on a per gram 
of tissue basis. These results are in contrast to results 
found in the L^. dorsi and indicate that different tissues 
regulate cholesterol metabolism by different mechanisms. 
cholesterol from LDL-CE was converted more rapidly to 
bile acids than to biliary cholesterol. A similar result was 
reported by Schwartz et al. (1978) in bile-fistulated human 
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subjects. The bile fistula would stop enterohepatic 
circulation of bile acids and create an unnatural increase in 
bile acid synthesis. The pigs in the current study received 
replacement bile acids through donor bile and would not have 
needed to increase bile acid synthesis. Bile acids, however, 
did receive 14.9% of the initial dose of radiolabeled 
cholesteryl ester from LDL during 48 hours (Table 3). 
Biliary cholesterol received 6.7% of the initial dose from 
LDL-CE. 
In the current study, no differences between dietary fat 
types on appearance in bile acids of label from cholesteryl 
esters were found, suggesting that formation of bile acids in 
pigs is independent of dietary fat. These findings are in 
contrast with those of Mott et al. (1992) derived from 
baboons fed diets high in either polyunsaturated or saturated 
fats. The baboons fed the saturated fat diets had a greater 
secretion of bile acids than did those fed the 
polyunsaturated fat diets. Their results, however, agree 
with ours in that polyunsaturated fat diets increased 
cholesterol secretion as biliary cholesterol. On the other 
hand, Scobey et al. (1992) found no differences in biliary 
lipids or bile acid composition in African green monkeys fed 
saturated or polyunsaturated fat diets. 
In the current study, more cholesterol from LDL-CE 
appeared in the biliary cholesterol portion of the bile of 
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the pigs fed the 40% diets. This finding is consistent with 
results in humans reported by Stacpoole et al. (1991). Human 
subjects excreted more neutral steroids when fed high fat 
diets than when fed low fat diets. In contrast with the 
current study which no differences in secretion rates or 
accumulation of bile acids as a result of feeding different 
amounts of fat were found, Stacpoole and coworkers reported 
increased bile acid excretion in humans when fed high fat 
diets. Chanussot et al. (1988) reported no differences in 
conversion of cholesterol from LDL-free cholesterol to bile 
acids in rats fed high fat diets over rats fed low fat diets. 
In summary, type and amount of dietary fat affected LDL-
CE kinetics, transfer of cholesterol from LDL-CE into 
tissues, and transfer of cholesterol from LDL-CE into bile as 
biliary cholesterol. No effects were seen on LDL-CE 
appearance in bile as bile acids. The findings reported here 
are consistent with current theories in that polyunsaturated 
fats decrease plasma cholesterol concentrations by increasing 
tissue and biliary cholesterol concentration. Thus, a 
redistribution of cholesterol occurs within the body. In 
addition, this study has shown that radiolabeled cholesteryl 
esters in LDL can be of use in determining dietary 
perturbations of lipoprotein cholesterol kinetics. 
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PAPER III. DIETARY FATS RICH IN POLYUNSATURATED FATTY 
ACIDS INCREASE SECRETION OF HIGH-DENSITY 
LIPOPROTEIN-CHOLESTERYL ESTERS AS BILIARY 
CHOLESTEROL. 
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ABSTRACT 
The objective of this study was to determine the 
physiological mechanisms by which diets rich in 
polyunsaturated fatty acids decrease high-density lipoprotein 
(HDL)-total cholesterol concentrations in growing pigs. A 2 
X 2 factorial arrangement included two amounts of fat [20% of 
energy from fat (20%) and 40% of energy from fat (40%)] and 
two major sources of fat [beef tallow (T) and soy oil (S)]. 
The diets were fed for a total of 8 weeks and contained 
polyunsaturated-to-saturated fatty acid ratios of 
approximately 0.35 for the T diets and 2.05 for the S diets. 
Neither type nor amount of dietary fat affected the kinetics 
of disappearance of high-density lipoprotein-cholesteryl 
esters (HDL-CE) from plasma. Effects of dietary fat on 
tissue retention and appearance in bile of cholesterol from 
HDL-CE were variable. Cholesterol retained in subcutaneous 
adipose tissue that was derived from HDL-CE was greatest in 
the pigs fed 20% S diets, but no difference was seen among 
the other three treatments. Appearance of label from HDL-CE 
as biliary cholesterol was greater in pigs fed the S diets 
than in pigs fed the T diets and greater in pigs fed the 40% 
diets than in pigs fed the 20% diets. Neither type nor 
amount of fat caused any differences in secretion of labeled 
cholesteryl esters into bile as bile acids. In this study, 
diets differing in type and amount of dietary fat did not 
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affect HDL-CE kinetics in plasma; however, the fate of HDL-CE 
was altered as diets richer in polyunsaturated fatty acids 
and in amount of fat increased HDL-CE appearance as biliary 
cholesterol. 
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INTRODUCTION 
Developing an understanding of the role that dietary fat 
plays in atherogenesis and coronary heart disease is of great 
importance (Grundy and Denke, 1990). The accepted theory has 
elevated high-density lipoprotein (HDL) protective against 
disease and elevated low-density lipoprotein (LDL) 
cholesterol concentrations contributing to disease (Stamler 
et al. 1986). In general, diets high in polyunsaturated 
fatty acids decrease HDL (Pietinen and Huttunen, 1987) and 
LDL (Posner et al., 1991) cholesterol concentrations in 
plasma. Thus, the advice to use polyunsaturated fatty acids 
in the diet to prevent coronary heart disease is 
controversial, 
Mechanisms involved with dietary fat regulation of HDL 
cholesterol concentration in plasma are not yet understood. 
Shepherd et al. (1978) found changes in HDL composition but 
no observed differences in apoA-1 fractional catabolic rate 
(FCR) in human subjects. Several authors have studied HDL-
cholesterol kinetics (Terpstra et al., 1991; Schwartz et al., 
1978; Magot et al., 1987), but none have studied dietary fat 
effects on HDL-CE kinetics. Others have studied dietary fat 
effects on biliary excretion of lipoprotein cholesterol but 
have observed mixed results. In a study using rats, Ramesha 
et al. (1980) found an increase in biliary secretion of 
cholesterol and bile acids with polyunsaturated diets over 
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more saturated fat diets. In contrast, another study 
(Chanussot et al., 1988) reported no difference in biliary 
excretion of lipids as caused by either saturated or 
polyunsaturated fat diets fed to rats. 
The objective of the current study was to characterize 
the effects of diets high in soy oil versus diets high in 
beef tallow at two amounts of fat in the diet on kinetics and 
distribution of HDL-CE. The pig was chosen as a model 
because of its similarity to the human in terms of the 
digestive system (Diersen-Schade et al., 1985) and 
lipoprotein profiles (Mahley et al., 1975). 
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MATERIALS AND METHODS 
Animals 
Forty crossbred, castrated male pigs, approximately 12 
kg in body weight, were assigned randomly to the four test 
diets. Beef tallow and soy oil were fed at two different 
concentrations in a completely randomized (2X2 factorial) 
design. Pigs were housed in an environmentally controlled 
facility in individual pens. Water was available ad libitum 
from automatic nipple waterers. Pigs were weighed weekly, 
and feed intake was adjusted to 95% of recommended energy 
intake (National Research Council, 1988). 
Diets 
Dietary ingredients and compositional analyses are 
presented in Paper I of this dissertation. 
Surgical modification 
During week 6, each pig was fitted with a bile duct 
catheter and duodenal catheter as described by Faidley et al. 
(1991). Postsurgical procedures were conducted as discussed 
in Paper I of this dissertation. 
Preparation of label 
Labeling of the HDL-CE fraction was conducted as 
described for the low-density lipoprotein-cholesteryl esters 
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(LDL-CE) in Paper II of this dissertation, except that 
following ultracentrifugation and dialysis the isolated HDL 
fraction was combined directly with 450 Bq of ^^C-cholesterol 
and .incubated at 37°C in a shaking water bath for 24 hours. 
Sample collection 
At the end of week 8, pigs were fed every four hours to 
establish and maintain a "fed" steady state. The labeled 
HDL-CE were injected into the pigs via the femoral arterial 
catheter. An injection of 60 mL of previously collected 
whole blood from the same pig followed to insure that all 
label had entered the aorta. 
Collection of bile, blood, and tissue samples was 
conducted as described in Paper I of this dissertation. 
Analysis 
A 0.1-mL aliquot of each labeled HDL-CE preparation that 
was injected into the pigs was counted by liquid 
scintillation counting. An additional 0.5 mL aliquot of each 
preparation was extracted (Bligh and Dyer, 1955) in 
duplicate, and thin-layer chromatography (TLC) (Silica Gel, 
S-6503, Sigma Chemical Co., St. Louis, MO) was used to 
separate (hexane:ethylacetate, 3:1) unesterified and 
esterified cholesterol. The respective spots were scraped 
from the TLC plates directly into scintillation fluid and 
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counted. An average of 93% percent of the radioactivity in 
the HDL-CE injection preparation was recovered as 
cholesterol. Cholesteryl ester accounted for 95% of the 
recovered label. These recoveries were used to correct the 
calculations of lipoprotein radioactivity. 
Total and free (unesterified) cholesterol concentrations 
and radioactivity in free and esterified cholesterol moieties 
of lipoproteins and cholesterol and bile acid concentrations 
in bile were determined as described in Paper II of this 
dissertation. 
The separation of bile into aqueous (containing bile 
acid) and organic (containing cholesterol) fractions and the 
analysis of radioactivity was conducted as described in Paper 
II of this dissertation. 
Liver, heart, Lonaissimus dorsi. and subcutaneous 
adipose tissues were ground in a meat grinder. Cholesterol 
and radioactivity assays were conducted as described in Paper 
II of this dissertation. 
Feed analysis was conducted as described in Paper I of 
this dissertation. 
Statistical analvsis 
The general linear model (GLM) procedure (SAS Institute, 
1982) was used to compare effects of type and amount of fat 
and to determine the interaction between them as described in 
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Paper I of this dissertation. 
Model selection 
The model used to describe the disappearance of labeled 
and HDL-CE from plasma was patterned after the two-pool model 
of Mathews (1957). This model assumes that the cholesteryl 
ester moiety of the lipoprotein particles behaves kinetically 
as if the lipoproteins were homogenous and that plasma 
cholesteryl ester exchanges with an extraplasma pool. 
Lipoprotein classes themselves are heterogenous and may have 
different metabolic fates (Foster et al., 1986). 
Characterization of a more complete pig model similar to the 
human model of Schwartz et al. (1978) or the rat model of 
Magot (1987) is desirable but would require more extensive 
labeling of free cholesterol pools and cholesterol synthesis 
pools. Although a more complex model may provide more 
information, description of the data by the simplest model 
fitting that data is desirable (Herman, 1979). 
The kinetics of cholesteryl ester disappearance were 
determined by using the Simulation Analysis and Modeling 
program (SAAM) (Herman and Weiss, 1974). The program uses a 
least square fit of the two-pool model and calculated pool 
sizes, fractional flow rates, and flow rates. 
127 
RESULTS 
Kinetics of disappearance of HDL-CE from plasma 
One method of studying the mechanisms involved in a 
dynamic system is to label some part of the system with a 
tracer that can be quantified in some manner. Radioisotopes 
lend themselves well to this process. A radiolabeled tracer 
can be injected, sequential samples taken, and analysis 
performed on the samples to quantify the amount of tracer 
present in each sample. The resulting data can be analyzed 
mathematically, and pool sizes, flow rates, and fractional 
flow rates can be calculated. Pool sizes and flow rates 
calculated from the current study were adjusted for body 
weight by reporting the data on a per kilogram basis (Table 
1). Neither type nor amount of dietary fat affected plasma 
or extraplasma pool sizes of HDL-CE, nor were flow rates, 
production rate, or fractional flow rates of HDL-CE changed 
by type or amount of dietary fat. In the steady state, flow 
into and out of the system is constant; therefore, production 
rate must equal catabolic rate. Production rate includes 
synthesis and absorption, in other words, total production of 
HDL-CE. 
Appearance of HDL-CE in tissues 
Retention in tissues of cholesterol and cholesteryl 
esters from HDL-CE is shown in Table 2. The data are 
Table 1. Kinetic parameters of HDL-CE disappearance from plasma 
Diet^'^ 
Parameter 2 OS 20T 40S 40T SEM 
HDL 
Plasma pool (mg/kg BW) 9.60 9.83 9.99 9.99 0.57 
Extraplasma pool 
(mg/kg BW) 5.18 5.68 7.71 8.67 1.66 
Between pool flow rate 
(mg/hr kg BW) 1.92 2.33 2.04 3.08 0.60 
Fractional flow rates 
Plasma to extraplasma 
(hr'^) 0.22 0.27 0.21 0.28 0.06 
Extraplasma to plasma to 
(hr'b 0.57 0.84 0.54 0.54 0.28 * 
Production rate 
(mg/hr kg BW) 1.52 1.51 1.69 1.50 0.12 
Fractional catabolic rate 
rhr'"*^ 0.16 0.16 0.18 0.15 0.01 
^Abbr.: 20% and 40% = amount of energy in diet from fat, T = tallow, S 
%ean values are least squared means, 10 pigs per treatment. 
= soy oil. 
Table 2. Retention of labeled cholesterol from HDL-CE by tissues 
Dietl'2'3 
Tissue 2 OS 20T 40S 40T SEM 
Liver 
Free cholesterol 
(% dose/lOOg DM) 2.63 2.62 2.24 C
O 00 H
 0.27 
Cholesteryl ester 
(% dose/lOOg DM) 0.78 0.60 0.72 0.67 0.79 
Heart muscle 
(% dose/lOOg DM) 1.02 1.02 0.99 0.93 0.07 
L. dorsi 
(% dose/lOOg DM) 0.10 0.11 0.08 0.10 0.02 
Subcutaneous adipose 
(% dose/lOOg DM) 0.10*'b 0.08 0.07® o
 
o
 
o
*
 
0.01 
^Diets are defined in Table 1. 
%ean values are least squared means, 10 pigs per treatment. 
®Means within rows having common superscript letters differ (P<0.05). 
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expressed as a percentage of initial dose of labeled HDL-CE 
per 100 grains of tissue. This method of expression 
normalizes the data across pigs and directly measures tissue 
retention of labeled cholesterol. Combined cholesterol and 
cholesteryl ester retained in liver averaged 3.0% of the 
initial dose per 100 grains of tissue. This compares with 
10.9% of LDL-CE retained (Paper II of this dissertation). 
There were no differences in retention of HDL-CE in liver as 
caused by type or amount of dietary fat. Accumulation of 
cholesterol in heart and dorsi showed no differences in 
terms of percent of initial dose per gram of dry tissue for 
type or amount of dietary fat. Average retention of HDL-CE 
in heart was 0.98% of the dose per 100 g of tissue, which was 
similar to LDL retention of 0.81% (Paper II of this 
dissertation) . Retention of HDL-CE in Lj. dorsi and 
subcutaneous adipose was 0.10% and 0.08% of initial dose, 
respectively. LDL-CE retention was 0.29% and 0.12% in L. 
dorsi and subcutaneous adipose, respectively (Paper II of 
this dissertation). In subcutaneous fat, there were no 
differences seen in main effects of type or amount of fat, 
however, the 20% S diet retained more cholesterol from HDL-CE 
that did either of the 40% diets. 
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Appearance of HDL-CE in bile 
Only 6.7% of the LDL-CE initial dose appeared in the 
bile as biliary cholesterol in 48 hours (Paper II of this 
dissertation), whereas 9.9% of the HDL-CE was secreted (Table 
3). Both type and amount of dietary fat affected HDL-CE 
secretion of cholesterol from HDL-CE into bile. The pigs fed 
the S diets secreted 11.3% of the initial dose during the 48 
hours, whereas the pigs fed the T diets secreted 9.1%. The 
pigs fed the high fat diets secreted 11.4% of the initial 
dose, whereas the pigs fed the 20% diets secreted 8.9%. 
Bile acid secretion was not affected by type or amount 
of fat. Of the initial dose of LDL-CE, 14.9% was secreted as 
bile acids (Paper II of this dissertation), whereas 16.8% of 
the initial dose of HDL-CE was secreted as bile acids. 
Table 3. Appearance of label from HDL-CE in bile 
Diet^ 
Parameter 2 OS 20T 40S 40T SEM 
Bile acids 
% dose/48 hr 15.68. 
% dose/mol bile acids 6.82 
Biliary cholesterol 
% dose/48 hr"^'® 9.73* 
% dose/mmol cholesterol 3.00 
16.13 
6.36 
8.23^ 
3.16 
16.67 
6.36 
12.82®''''° 
3.01 
19.05 
7.70 
9.99* 
2.63 
2.46 
0.98 
0.88 
0.23 
^Diets are defined in Table 1. 
%ean values are least squared means, 10 pigs per treatment. 
^eans within rows having common superscript letters differ (P<0.05). 
'^Amount of fat effect (P<0.05). 
w 
to 
'Type of fat effect (P<0.05). 
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DISCUSSION 
Kinetic studies of the mechanisms of lipoprotein 
cholesterol metabolism are hindered by the exchange of free 
cholesterol between lipoproteins and with the liver (Schwartz 
et al., 1978). In addition, in humans and several other 
animal species, cholesteryl esters are exchanged between 
lipoproteins by the action of cholesteryl ester transfer 
protein. Activity of this protein is absent in the pig (Ha 
et al., 1981). Therefore, studies of the effects of diet on 
the kinetics of lipoprotein-cholesteryl esters readily can be 
carried out in the pig model. 
Disappearance of HDL-CE from plasma was best fit by a 
biexponential equation; this is in contrast with Pieters et 
al. (1991) who used a monoexponential equation to 
characterize HDL-CE disappearance in the rat. The 
biexponential decay in the present study is in agreement with 
Goldberg et al. (1991) who modeled cholesteryl ester 
metabolism in rabbits and Terpstra et al. (1991) who used 
cebus monkeys. As with the data in the current study, the 
data collected by Goldberg and coworkers (1991) required an 
extraplasma exchange pool to successfully model HDL-CE 
kinetics. The FCR of HDL-CE in the current study averaged 
0.16/hour, which is considerably different from FCR of HDL 
apoA-I of 0.25/day in human subjects reported by Vega et al. 
(1991). This difference in the kinetics of the two HDL 
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moieties is not surprising because Scobey et al. (1989) 
demonstrated cholesteryl ester uptake by tissues that was 
independent of whole lipoprotein uptake. Thus, labeling of 
the cholesteryl ester portion of the HDL can lead to an 
increased understanding of the role of HDL in cholesterol 
transport. 
Ha et al. (1981), using pigs, labeled cholesteryl esters 
in HDL and found 50% of the cholesteryl ester was removed 
from the plasma within 4 hours. This corresponds well with 
data from the current study that shows a fractional catabolic 
rate of 0.16/hr for HDL-CE. On the other hand, in cebus 
monkeys, which have a high activity of cholesteryl ester 
transfer protein, the FCR was found to be only 0.08/hour 
(Terpstra et al, 1991). Goldberg et al. (1991), studying the 
rabbit, found cholesteryl ester clearance from LDL to be 17% 
greater than cholesteryl ester clearance from HDL-CE. In the 
current study, HDL-CE production rate was 5% greater than 
LDL-CE production rate (in the steady state, production must 
equal clearance). Rabbits would be expected to exhibit a 
greater rate of LDL-CE production than of HDL-CE because they 
possess cholesteryl ester transfer protein activity. 
Kinetic analysis of the disappearance of radiolabeled 
HDL-CE from plasma in the current study revealed no 
differences as caused by type or amount of dietary fat. The 
study was carried out in the "fed" steady state. In Paper I 
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of this dissertation, data is described that demonstrated a 
drop in HDL-CE concentration with feeding. This drop in HDL-
CE concentration indicates that the kinetics of the 
transition between the "fasted" and "fed" states are 
different in pigs being fed different types of fat. Data on 
this transition period were not collected. There also may be 
differences in the kinetics of HDL-CE as the animal makes the 
slower transition from the "fed" to the "fasted" state. 
Some researchers have found increases in liver 
cholesterol concentrations with polyunsaturated dietary fats 
over saturated dietary fats (Vaziri et al., 1988; Lin et al., 
1992). Others (Walsh et al., 1983; Diersen-Schade et al., 
1986; Luhman, 1990) found no differences in liver cholesterol 
accumulation. In the current study, no type of fat 
differences were seen in the liver in the presence of labeled 
cholesterol derived from HDL-CE. According to the reverse 
cholesterol transport theory (Franceschini et al., 1991), net 
flux of cholesterol away from the peripheral tissues is 
mediated via HDL, with influx of cholesterol to the tissues 
from LDL. The results from the current study are in accord 
with this theory. Radiolabeled cholesterol derived from LDL-
CE (Paper II of this dissertation) was greater in all tissues 
at 48 hours than that derived from HDL-CE. The heart was the 
only exception; the contribution of HDL-CE to heart 
cholesterol stores was greater than that of LDL. It is 
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reasonable to assume a net positive flux of cholesterol to 
the heart from HDL. The heart synthesizes its own 
cholesterol at a very low rate (Sabine, 1977), and HDL is 
active in delivery of cholesterol to cells that require 
cholesterol for steroid production (Reaven et al., 1984). 
No differences were found in percentage of initial dose 
from HDL-CE retained in L^. dorsi ; no main effects of type or 
amount of dietary fat were found on percentage of initial 
dose in subcutaneous adipose tissue. The pigs fed the 20% S 
diet had a greater percent of radiolabeled cholsterol derived 
from HDL-CE retained in subcutaneous adipose than the pigs 
fed both 40% diets, however, the effect of amount of fat only 
tended towards significance (P < 0.07). Zsigmond et al. 
(1990) found an increased uptake of HDL-CE in adipose tissue 
of rats fed polyunsaturated fat diets over rats fed a diet 
containing more saturated fatty acids. It is possible that 
in the current study the turnover of HDL-CE (FCR of 0.16/hour 
or 7.9 pool changes in 48 hours) was fast enough that any 
differences in tissue uptake had all but disappeared at the 
end of the 48 hours. 
Cholesterol from HDL-CE was converted more rapidly to 
bile acids than to biliary cholesterol. A similar result was 
reported by Schwartz et al. (1978) in bile fistulated human 
subjects. The bile fistula would stop enterohepatic 
circulation of bile acids and create an unnatural increase in 
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bile acid synthesis. The pigs in the current study received 
replacement bile acids through donor bile and would not have 
needed to increase bile acid synthesis. Of the initial dose 
of radiolabeled cholesteryl ester, bile acids received 14.9% 
of the LDL-CE (Paper II of this dissertation) and 16.8% of 
the HDL-CE (Table 3) in the 48 hours. The biliary 
cholesterol received 6.7% of the initial dose of the LDL-CE 
and 9.9% of the HDL-CE. Thus, in total, 21.6% of LDL-CE and 
26.7% of HDL-CE is secreted into the bile. The greater rate 
of conversion of cholesterol from HDL-CE than from LDL-CE 
into bile acids and biliary cholesterol is similar to work 
done in the rat by Pieters et al. (1991) who saw twice as 
much cholesterol secreted in bile from HDL-CE as from LDL-CE. 
The differences seen among the dietary treatments for 
LDL-CE and HDL-CE incorporation in biliary cholesterol and 
the lack of difference seen in incorporation of the same into 
bile acids is in agreement with the model of cholesterol 
metabolism described by Schwartz et al. (1978). The 
compartmental model built by Schwartz and coworkers fit the 
data only when lipoprotein-cholesterol entered different 
precursor pools for biliary cholesterol and bile acids. 
Furthermore, data from the current study suggest that, 
whereas uptake of cholesteryl esters by the liver for 
delivery to biliary cholesterol is influenced by dietary fat, 
delivery to bile acids is independent of dietary fats. This 
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is in contrast to the model of Magot (1988) in the rat that 
shows a common precursor pool for bile acids and biliary 
cholesterol. Stone and Evans (1992) provide increased 
evidence for separate precursor pools for biliary cholesterol 
and bile acids. After perfusing rat livers with mevalonate 
or 25-OH cholesterol, biliary cholesterol and VLDL-
cholesterol output were altered, but the researchers found no 
changes in bile acid synthesis or secretion. In addition, 
they reported a decrease in VLDL-cholesteryl ester output 
when biliary cholesterol was increased and a reciprocal 
decrease in biliary output when VLDL-cholesteryl ester 
secretion and acyl-coenzyme A:cholesteryl ester transferase 
(ACAT) activity was increased. This work suggests a common 
precursor pool for VLDL- and biliary cholesterol that is 
regulated by ACAT. In the current study, the dietary 
differences in biliary cholesterol secretion of cholesterol 
could partially be the result of regulation by dietary fatty 
acids on ACAT in the hepatocyte. On the other hand, the 
cholesterol concentrations in the liver (Paper I of this 
dissertation) were not affected by type or amount of dietary 
fat. 
A greater percentage of the initial dose of HDL-CE 
appeared in biliary cholesterol of pigs fed the S diets, even 
though there were no differences seen in HDL-CE disappearance 
from plasma. It is possible that a difference in FCR exists 
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that is of such a small magnitude that the kinetic analysis 
fails to detect it. The apparent increase in uptake by the 
liver and subsequent biliary secretion as free cholesterol of 
HDL-CE in pigs fed S diets may be related to linoleic acid 
content of HDL-phospholipids. Kadowaki et al. (1992) 
demonstrated in perfused rat liver that HDL-CE uptake was 
dependent upon hepatic lipase hydrolysis of HDL-
phosphatidylcholine. 
Little is known about the regulation of hepatic lipase 
(Norum, 1992). Studies on the effect of dietary cholesterol 
on hepatic lipase have shown conflicting results 
(Bhattacharyya et al., 1989; Sultan et al., 1990). If 
phospholipids containing linoleic acid are a preferred 
substrate for hepatic lipase, a possible mechanism for the 
increase in cholesterol from HDL-CE appearing in biliary 
cholesterol and the role of linoleic acid in lowering HDL-
cholesterol concentrations can be proposed. Diets high in 
linoleic acid result in HDL-phospholipids with an increased 
content of linoleic acid (Sola et al., 1990). If these 
linoleic acid-enriched HDL phospholipids are a more suitable 
substrate for hepatic lipase, then more HDL-cholesterol could 
be transferred to the hepatic cells when more linoleic acid 
is supplied in the diet. 
In contrast with results from the current study, 
however, Chanussot et al. (1988) reported no differences in 
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appearance in bile of HDL-free cholesterol from rats fed 
saturated fat diets or polyunsaturated fat diets. Ramesha et 
al. (1980) injected liposomes containing labeled free 
cholesterol into the portal veins of rats and found increased 
label secreted into bile of rats fed polyunsaturated fat over 
that of rats fed saturated fat diets. This use of liposomes 
was validated by Esnault-Dupuy et al. (1987) who found that 
metabolism of liposomes was very similar to hepatic HDL 
metabolism. 
In conclusion, no differences as caused by type or 
amount of dietary fat were found in disappearance of HDL-CE 
from plasma; however, differences were found in the manner in 
which pigs consuming different dietary fats partitioned the 
HDL-CE. Specifically, diets higher in amount of fat and 
higher in polyunsaturated fats resulted in secretion of 
greater amounts of HDL-CE into bile as biliary cholesterol. 
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GENERAL SUMARY 
The cost of atherosclerosis and coronary heart disease 
in terms of suffering, medical expense, and loss of life and 
productivity is high. The loss is estimated to be in the 
range of $50 billion per year fThe Surgeon General's Report 
on Nutrition and Health. 1988). Dietary fat is one of the 
nutritional factors that has been implicated in the 
progression of atherosclerosis. Fat is an important nutrient 
in the diet, and research directed toward greater 
understanding of the role of fat in development of 
cardiovascular diseases is needed. 
The current work, of which this dissertation is part, is 
focused on the differences between two types of dietary fat 
(beef tallow and soy oil) and two amounts of dietary fat (20% 
of total energy as fat and 40% of total energy as fat) as 
they affect cholesterol metabolism in young, growing pigs. 
The objectives of the research were to (1) monitor the change 
in lipoprotein composition over an eight-week feeding period, 
(2) measure in vivo cholesteryl ester clearance from plasma 
from both LDL and HDL, (3) measure conversion of cholesteryl 
esters from both LDL-CE and HDL-CE into biliary cholesterol 
and bile acids, (4) measure composition and flow rates of 
bile, and (5) measure cholesterol concentrations and uptake 
of lipoprotein-cholesteryl esters by selected tissues. 
In the first part of the experiment. Knight (1992) found 
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that plasma lipids increased more in pigs fed tallow than in 
pigs fed soy oil and more in pigs fed 40% of energy as fat 
than in pigs fed 20%. The changes in lipid composition were 
greater in HDL than in LDL. Furthermore, LCAT activity was 
greater in pigs fed diets with higher fat contents. 
Results from the remainder of the experiment are 
reported in this dissertation. In general, results are in 
agreement with current theories concerning dietary fat 
effects on cholesterol metabolism. Pigs fed soy oil diets 
had a greater retention of cholesterol from LDL-CE in L. 
dorsi muscle and a greater appearance of cholesterol from 
HDL-CE in bile as biliary cholesterol. However, cholesterol 
concentration in Ij^. dorsi muscle was greater in pigs fed the 
tallow diets. Therefore, LDL receptors must be upregulated 
by polyunsaturated fatty acids in the soy oil diets, which 
downregulate synthesis and decrease cholesterol concentration 
relative to muscles in pigs fed tallow. Neither soy oil nor 
beef tallow affected kinetics of the removal of cholesteryl 
esters from plasma. Concentrations of HDL-CE in the 12-hour 
fasted pigs fed tallow were greater than in pigs fed soy oil. 
After a meal, however, HDL-CE concentrations decreased in 
pigs fed tallow to the same concentrations as in pigs fed soy 
oil. Pigs fed diets containing higher amounts of fat had 
greater production rates of LDL-CE and greater fractional 
rates of catabolism than did pigs fed the lower fat diets. 
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In addition, the higher fat diets caused a greater secretion 
of biliary cholesterol, greater bile flows, and a greater 
amount of cholesterol secreted into bile from both HDL-CE and 
LDL-CE. No effects of type or amount of fat were seen on 
secretion of bile acids. 
Research on the effects of dietary fat on cholesterol 
metabolism will lead to a greater understanding of the 
underlying mechanisms of lipoprotein synthesis, transport, 
and degradation. Future research should include a 
compilation of existing LDL- and HDL-cholesterol kinetic data 
into a more comprehensive model. Once the comprehensive 
model is ready, a study measuring the differences in LDL-CE 
and HDL-CE kinetics between the fed and fasted states would 
help clarify the role of lipoproteins in the postprandial 
state. In addition, the use of our surgical pig model 
(Faidley et al., 1991) in conjunction with a comprehensive 
mathematic model of lipoprotein kinetics would open many 
doors to the understanding of nutritional impact on 
cholesterol metabolism. Another interesting aspect brought 
to light by the work contained herein is the preference of 
hepatic lipase for linoleic acid-containing phospholipids as 
a substrate. If enriching HDL-phospholipids with linoleic 
acid makes phospholipids better substrates for hepatic 
lipase, then diets containing linoleic acid will cause lower 
HDL-cholesterol concentrations. 
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APPENDIX 
A Comprehensive compartmental Model 
As stated earlier in this dissertation, a more complete 
compartmental model of the data could yield information not 
found by any other method of analysis. The Simulation 
Analysis and Modeling program (SAAM) is one computer package 
that is capable of this type of analysis. The SAAM program 
is accompanied by the SAAM manual, the Consam User's Guide, 
the Consam User's Manual, and the SAAM tutorials. These 
manuals and the SAAM program are available from the National 
Institutes of Health through the Resource Facility for 
Kinetic Analysis, Center for Bioengineering, FL-20, 
University of Washington, Seattle, WA, 98195. The toll free 
telephone number is 1-800/421-SAAM. 
Learning to use the SAAM program and to understand 
compartmental analysis requires some background in 
mathematics. Essential for grasping the concepts involved 
are an understanding of basic calculus and differential 
equations. I have muddled through without formal training in 
Laplace transforms, however, it would seem helpful to include 
this type of training. 
The SAAM program itself comes with the SAAM tutorials. 
If one takes the time to work through the tutorials then the 
basic ground work for working with SAAM will have been laid. 
There are several books that I have found helpful, these 
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include the following: 
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Vivo Kinetics. Academic Press. New York, NY. 
Jacquez's book is difficult to read and contains more 
information than my limited mathematical background can 
understand. There is a new book out that I believe is easier 
to comprehend written by Robert R. Wolfe (Wolfe, R. R. 1992. 
Radioactive and stable isotope tracers in biomedicine. 
Wiley-Liss, New York, NY. In addition to the above books 
there are several papers that have been published that are 
pertinent to modeling of lipoprotein cholesteryl esters 
including, but certainly not limited to, the following: 
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423. 
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64. 
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R. M. Nisman, and L. Swell. 1982. Central role of high 
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metabolism. J. Clin. Invest. 70:105-116. 
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I began exploring the data from the current study using 
the tutorials as beginning SAAM decks. The following deck 
analyzes the disappearance of from plasma of pig 12 as a 
sum of two exponentials: 
A SAAM30 TUTORIAL 2 
C 
C FIT A SUM OF EXPONENTIALS TO THE DATA 
C 
H DAT 
C 
C 
XG(1)=K(81)*EXP(-P(1)*T)+K(82)*EXP(-P(2)*T) 
C 
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C UNITS: TIME IN HOURS FSD OMITTED BECAUSE OF FF 
C DATA IN FRACTION OF INJECTED DOSE/ML 
C TOTAL COUNTS INJECTED = 4.60E+07 DIVIDED INTO PLASMA VOL 
C OF 2195 mL GIVES 4.77E-05 TO CORRECT TO % INJECTED DOSE 
lOlG(l) *4.77-05 
0 
0.083333 19621.35 
0.25 19807.39 
0.5 17913.74 
0.75 17251.38 
1 17308.14 
2 15023.03 
4 12883.3 
8 10200.91 
12 8289.947 
20 6158.995 
28 3609.779 
36 3669.482 
48 1407.9 
FSD=.l 
H PAR 
C INITIAL ESTIMATES OF K(80) AND K(81) PROVIDED TO PREVENT 
C DIVISION BY ZERO IN G(32) 
K(81) 7.394108E-01 O.OOOOOOE+00 l.OOOOOOE+05 
K(82)+K(81)=l 
P(l) 
P(2) 
4.858587E-02 
1.019386E+00 
5.000000E-04 
9.999998E-04 
l.OOOOOOE+00 
l.OOOOOOE+01 
FIGURE 3 DISAPPEARANCE OF 3-H FROM PUSMA 
g 
=! 1.00 
TT 
fe 0.75 
K> 
y 0.25 
1 g 0.00 
a. I I I I I I I I I OJJ. 1111 n. 11 1111 I I.I I 1111 1111 1111 
TIME (HOURS) 
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Fitting the disappearance data to a sum of exponentials 
helps in understanding the data and leads to building the 
compartmental model. This data fits a sum of two 
exponentials and thus probably can best be described by a two 
pool model. The tutorials do an excellent job of describing 
the deck and I will not attempt to duplicate that work. 
The data of the disappearance of label from the plasma and 
the resulting curve calculated by SAAM is shown above in 
Figure 3. 
From this point I went on to model the steady state 
disappearance of label from both LDL-CE and HDL-CE. I 
attempted to simultaneously solve the model for both isotopes 
and include the appearance of label in bile as biliary 
cholesterol and bile acids. The deck follows: 
A SAAM30 STEADY STATE 12 
C 
C PIG 12 STEADY STATE 
C 12SIMHB.PRG 
C 
H DAT 
C MASSES AND U 
M(10) 
M(ll) 
M(12) 
U(2) 
Y 
U(10) 
U(12) 
Y-
U(32) 
Y 
C FLUXES 
R(22,2) 
R(10,22) 
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R(10,2) 
R(10,ll) 
R(ll,10) 
R(15,16) 
R(16,15) 
Y— 
C 3H FLOW FROM LIVER TO BILIARY CHOLESTEROL 
143 FSD=.l 
R(3,10) 30.26 
C 3H FLOW FROM LIVER TO BILE ACIDS 
145 FSD=.l 
R(5,12) 44.87 
C 14C FLOW FROM LIVER TO BILIARY CHOLESTEROL 
147 FSD=.l 
R(23,15) 30.36 
C 14C FLOW FROM LIVER TO BILE ACIDS 
149 FSD=.l 
R(25,17) 44.87 
C COMPARTMENT 1 IS PLASMA 
C 
102 *4.77E-05 SD=.l 
C 3H CHOLESTERYL ESTER IN LDL 
0 
0.08 19143.05 
0.25 18105.6 
0.5 16370.47 
0.75 16494.64 
1 16545.35 
2 14583.91 
4 12389.99 
8 9885.95 
12 7870.66 
20 4185.78 
28 2167.52 
36 3082.99 
48 2168.09 
l)+F(22) 
*4.77E-05 lOlG(l) SD=.l 
C UNITS: TIME IN HOURS 
C DATA IN FRACTION OF INJECTED DOSE/ML 
C TOTAL COUNTS INJECTED = 4.60E+07 DIVIDED INTO PLASMA VOL 
OF 
C 2195 mL GIVES 4.77E-05 TO CORRECT TO % INJECTED DOSE 
0 
0.083333 19621.35 
0.25 19807.39 
0.5 17913.74 
0.75 17251.38 
1 17308.14 
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103 /4.44E+07 SD=.100 
c indivi( 
2 15023.03 
4 12883.3 
8 10200.91 
12 8289.947 
20 6158.995 
28 3609.779 
36 3669.482 
48 1407.9 
il bile lipid samples 
2 67638 
4 148779 
8 254828 
12 235871 
16 250275 
20 227978 
24 171431 
28 234646 
32 214162 
36 201217 
40 162832 
44 143899 
48 175710 
103QO 
c resets timed counts to zero 
2 
4 
8 
12 
16 
20 
24 
28 
32 
36 
40 
44 
48 
104 /4.44E+07 SD=.100 
c cumulative bile lipid samples 
2 67637.69 
4 216416,6 
8 471244.4 
12 707115.6 
16 957390.6 
20 1185368 
24 1356799 
28 1591445 
32 1805607 
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36 2006823 
40 2169656 
44 2313555 
48 2489265 
105 /4.44E+07 SD=.100 
c inidividual bile salt samples 
2 217620 
4 524212.6 
8 1354396 
12 1230133 
16 1041118 
20 1160174 
24 825122 
28 1074259 
32 952324.5 
36 928078.2 
40 685211.2 
44 665099 
48 675637.2 
105QO 
c resets bile salts to zero 
2 
4 
8 
12 
16 
20 
24 
28 
32 
36 
40 
44 
48 
106 /4.44E+07 SD=.100 
c cumulative bile salts 
2 217620 
4 741832.6 
8 2096228 
12 3326361 
16 4367479 
20 5527654 
24 6352776 
28 7427035 
32 8379359 
36 9307437 
40 9992649 
44 10657748 
48 11333385. 
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C PIG 12 HDL CE 14C ON BILE LIPID AND BILE 
C SALT DATA 
C 12HCEB.PRG 
C 
C COMPARTMENT 1 IS PLASMA 
XG(41)=F(32)+F(42) 
C 
141G(41) *2.53E-04 SD=.l 
C 141 IS PLASMA CHOLESTEROL 14C 
0 
0.083 3952.3 
0.25 3663.2 
0.5 3382.2 
0.75 3198.6 
1 3048.1 
2 2658.4 
4 2045.9 
8 1446.1 
12 1223.5 
20 878.6 
28 671.7 
36 506.6 
48 333.6 
132 *2.53E-04 SD=.l 
C 132 IS HDL CE 14C 
0 
0.083 3770.056 
0.25 3515.16 
0.5 3226.795 
0.75 2915.385 
1 2734.49 
2 2141.92 
4 1362.075 
8 742.83 
12 418.715 
20 205.15 
28 118.965 
36 58.94444 
48 39.655 
123 /8.68E+06 SD=.l 
c individual bile lipid samples 
2 32206 
4 50814 
8 77549 
12 59223 
16 69834 
20 57300 
24 40965 
28 53598 
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32 47604 
36 49028 
40 39029 
44 35447 
48 33031 
123QO 
c resets timed counts to zero 
2 
4 
8 
12 
16 
20 
24 
28 
32 
36 
40 
44 
48 
124 /8.68E+06 SD=.l 
c cumulative bile lipid samples 
2 32206 
4 83020 
8 160569 
12 219792 
16 289627 
20 346927 
24 387892 
28 441489 
32 489093 
36 538121 
40 577150 
44 612597 
48 645628 
125 /8.68E+06 SD=.l 
c inidividual bile salt samples 
2 39015 
4 117630 
8 341886 
12 287069 
16 232827 
20 238053 
24 202000 
28 223398 
32 203002 
36 199332 
40 145320 
44 138981 
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48 138524 
125QO 
c resets bile salts to zero 
2 
4 
a 
12 
16 
20 
24 
28 
32 
36 
40 
44 
48 
126 /8.68E+06 SD=.l 
c cumulative bile salts 
2 39015 
4 156645 
8 498531 
12 785600 
16 1018426 
20 1256479 
24 1458479 
28 1681878 
32 1884879 
36 2084211 
40 2229531 
44 2368512 
48 2507037 
H PAR 
IC(2) .975 
IC(22) .025 
IC(32) .954 
IC(42) .046 
C EXCHANGE WITH LDL AND HDL POOLS 
L(22,2) 4.354074E-02 9.999998E-07 l.OOOOOOE+00 
L(42,32) 7.700413E-02 9.999998E-09 l.OOOOOOE+00 
L(2,22)=L(42,32) 
L(32,42)=L(22,2) 
C LDL EXTRAVASCULAR EXCHANGE POOL 
L(21,2) 3.617601E-01 9.999998E-05 l.OOOOOOE+00 
L(2,21) 1.581995E+00 9.999998E-05 l.OOOOOOE+01 
L(31,42)=L(21,2) 
L(42,31)=L(2,21) 
C HDL EXTRAVASCULAR EXCHANGE POOL 
L(32,40) 1.653723E-01 9.999998E-08 l.OOOOOOE+01 
L(40,32) 1.630025E-01 9.999998E-08 l.OOOOOOE+01 
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L(20,22)=L(40,32) 
L(22,20)=L(32,40) 
C TO OUTSIDE FROM LDL 
L(0,2) 3.394832E-02 
L(0,42)=L(0,2) 
C TO OUTSIDE FROM HDL 
L(0,32) 4.994099E-02 
L(0,22)=L(0,32) 
C TO LIVER FROM LDL 
L(10,2) 2.255881E-02 
L(15,42)=L(10,2) 
C TO LIVER FROM HDL 
L(15,32) 3.629112E-02 
L(10,22)=L(15,32) 
C LIVER EXCHANGE POOL 
L(ll,10) 1.252983E+00 
L(10,ll) 3.729519E-02 
L(16,15)=L(11,10) 
L(15,16)=L(10,11) 
C TO BILE ACID PRECURSOR POOL 
L(12,10) 1.175063E+00 9.999998E-05 l.OOOOOOE+02 
L(5,12)=L(12,10) 
L(6,12)=L(5,12) 
L(17,15)=L(12,10) 
L(25,17)=L(5,12) 
L(26,17)=L(25,17) 
C BILIARY CHOLESTEROL OUT OF THE LIVER 
L(3,10) 3.564237E-01 9.999998E-05 l.OOOOOOE+01 
L(4,10)=L(3,10) 
L(23,15)=L(3,10) 
L(24,15)=L(23,15) 
C MACHINERY TO ALLOW MODELING OF BOTH CUMULATIVE 
C AND TIME POINT BILE ACIDS AND BILIARY CHOLESTEROL 
L(0,10)=-L(3,10)-L(12,10) 
L(0,15)=-L(23,15)-L(17,15) 
H STE 
C M(15)=M(10) 
C M(16)=M(11) 
C M(17)=M(12) 
C LDL CHOLESTERYL ESTER MASS 
M(2)=873 
C HDL CHOLESTERYL ESTER MASS 
M(32)=542 
C TOTAL CHOLESTEROL MASS - LDL CE 
C M(22)=1080 
C TOTAL CHOLESTEROL MASS - HDL CE 
C M(42)=1411 
C HEPATIC CHOLESTEROL SYNTHESIS 
C U(10) 1000 
7.999999E-08 
7.999999E-08 
9.999998E-09 
9.999998E-07 
9.999998E-07 
9.999998E-07 
1.OOOOOOE+00 
l.OOOOOOE+00 
1.OOOOOOE+03 
1.OOOOOOE+Ol 
l.OOOOOOE+02 
1.OOOOOOE+Ol 
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C BILE ACID SYNTHESIS AND RECIRCULATION 
C U(12) 1000 
C LDL CE SYNTHESIS 
U(2) 6.941068E+01 1000 
C HDL CE SYNTHESIS 
U(32) 7.031049E+01 1000 
C CHOLESTEROL SYNTHESIS FROM TISSUES 
C U(22) 1.856337E+02 1000 
C CHOLESTEROL SYNTHESIS FROM TISSUES 
C U(42) 6.678173E+01 1000 
C U{15) 1000 
C U(17) 1000 
Y 
If one is familiar with the SAAM tutorials understanding the 
above deck is not difficult. 
The model as drawn by SAAM is shown in Figure 4. 
LDL-CE MODEL 1 HDL-CE MODEL 
Figure 4. 
^SEE DECK FOR DESCRIPTION OF COMPARTMENTS 
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The model contains two identical submodels one that solves 
for the labeled LDL-CE and one that solves for the '^c 
labeled HDL-CE. These models are linked to solve 
simultaneously. The following charts illustrate how well the 
model fits the data. 
DISAPPEARANCE OF 3-H FROM PUSMA 
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Figure 5. 
20 30 
TIME (HOURS) 
40 50 
This figure illustrates the fit of compartment 1, which is 
the result of the XG equation. The fit here is good. The 
amount of label leaving the plasma is described fairly well 
by the model. 
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DISAPPEARANCE OF 3-H FROM LDL-CE 
1.00 
^ 0.90 
§ 0.80 
5 0.70 
E 0.60 
I 0.50 
z 0.40 
0 0.30 
^ 0.20 
0.10 
0.00 
Figure 
This figure illustrates the fit of the LDL-CE (compartment 2) 
to the model. Again the model appears to predict the 
disappearance rather well. 
TIME (HOURS) 
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DISAPPEARANCE OF LABEL FROM HDL-CE 
1.00 
0.90 
g 0.80 
5 0.70 
I 0.60 
Î 0.50 
z 0.40 
0 0.30 
Ë 0.20 
0.10 
0.00 
0 10 20 30 40 50 
TIME (HOURS) 
Figure 7. 
The fit here is not quite as good. This suggests that the 
model may not adequately describe the disappearance of HDL-
CE. This comes from the data from compartment 32. 
l l l l i l l l l l l l l l l l l l l l l l l l T l l l l l l l 'i' l  I IMTT a I I I I I I I I I I ITh I I I I 
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APPEARANCE OF 3-H AS BILIARY CHOLESTEROL 
0.05 I I I I 1  1 1 1 1 1 1 1 M 1 1 1 1 1 1 1 1 1 1 1 I M 1 1 1 1 1 1 1 M 1 1 1 M 1 1 1 M 1 1 1 II 
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TIME (HOURS) 
Figure 7. 
CUMULATIVE APPEARANCE OF 3-H AS BILIARY CHOLESTEROL 
0.50 
g 0.40 
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E 0.30 
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3 0.10 
0.00 
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Figure 8. 
These two figures show how well the model estimates the 
appearance of LDL-CE as biliary cholesterol, compartments 3 
and 4. The model sends too much LDL-CE into biliary 
cholesterol, thus the current model structure may need to be 
modified to more adequately describe the data. 
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APPEARANCE OF 14-C AS BILIARY CHOLESTEROL 
0.05 
g 0.04 
i 0.03 
z 
I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
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Figure 9. 
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CUMULATIVE APPEARANCE OF 14-C AS BILIARY CHOLESTEROL 
0.50 
8 0.40 
E 0.30 
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Figure 10. 
These figures illustrate the appearance of HDL-CE as biliary 
cholesterol. Again too much label appears. These figures 
refer to compartments 23 and 24. 
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APPEARANCE OF 3-H AS BILE ACIDS 
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Figure 11. 
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CUMULATIVE APPEARANCE OF 3-H AS BILE ACIDS 
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Figure 12. 
This two figures illustrate the data from compartments 5 and 
6f and how well the model fits that data. The model does 
not put quite enough label into bile acids, this is again 
indicative that there is more structure needed to correctly 
model the data. 
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APPEARANCE OF 14-C LABEL AS BILE ACIDS 
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Figure 13 
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CUMULATIVE APPEARANCE OF 14-C AS BILE ACIDS 
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Figure 14. 
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These two figures illustrate compartments 25 and 26. Again 
the model does not partition enough cholesterol ester into 
bile acids. 
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This model is a culmination of several different models. 
It does not descibe the data as well as it should and 
additional work is needed to solve the complete model. It 
may not be possible to put together a comprehensive model 
with the data collected. It would be advantageous to use 
additional tracers to add free cholesterol and cholesterol 
synthesis to the model. In addition, tracing the absorbed 
bile acids would add information that may be necessary to a 
complete and accurate model. At the time of this writing I 
have contacted Dr. Charles Schwartz about the data and he has 
suggested that someone come to his lab at Virginia 
Commonwealth and work with him to set up the model. He has a 
great deal of expertise with cholesterol and lipoprotein 
models. 
